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A  FEW  WORDS  FROM  THE  EDITOR  OF  THE  FIRST  EDITION 

A  strict  solution  of  optical  problems  Involving  the  propagation  of  light  Is  both 
complex  and  cumbersome,  and  can  only  be  found  In  certain  cases.  The  main  reason  for 
this  Is  the  undular,  electromagnetic  nature  of  light. 

We  almost  always  have  to  limit  ourselves  to  approximate  methods  and  results. 
Geometric  optics,  which  originated  a  long  time  ago,  Is  a  very  crude  and  simplified 
method  of  solving  optical  problems.  Study  of  the  Interference  of  light  somewhat 
Improved  knowledge  of  the  optica  of  light,  although  the  methods  were  still  approximate. 
The.  theory  of  the  diffraction  of  electi-’ornagnetlc  waves  has  finally  shown  the  path 
leading  to  an  exact  solution  of  optical  problems.  This  path  Is  so  complicated  and 
thorny,  however,  that  the  theory  obviously  has  to  be  modified  In  the  case  of  a  number 
of  simplified  and  approximate  methods  with  varying  degrees  of  accuracy.  Furthermore, 
for  the  sake  of  simplicity  optical  problems  are  usually  soved  for  the  case  of  non¬ 
existent  and  Impossible  "points  of  light"  radiated  uniformly  In  all  directions. 

Given  this  state  of  affairs.  It  Is  not  surprising  that  In  optics,  more  often 
than  In  any  other  branch  of  physics,  all  kinds  of  paradox3s  have  to  be  dealt  with  at 
every  step.  It  Is  not  surprising  that  people  who  have  mastered  the  approximate  laws 
of  geometric  optics  and  are  used  to  working  with  "luminous  points"  and  "parallel 
beams"  end>ark  upon  the  Invention  of  devices  which  reduce  radiation  from  a  luminous 
body  to  a  point, or  combine  telescopes  and  microscopes  In  the  hope  that  they  will  see 
new  details  on  the  sun  and  moon,  and  are ;  amazed  at  the  unlmaglnatlvness  of  experienced 
optical  specialists  who  have  not  even  thought  of  using  one  microscope  to  look  at  an 
Image  through  another  microscope  in  order  to  be  able  to  see  molecules^ 

The  scientific  establishments  which  engage  In  the  study  of  optics  are  usually 
flooded  with  suggestions  of  this  kind  from  all  corners  of  the  globe.  Inventions 
Involving  perpetuum  mobl le  are  far  less  common  nowadays  than  designs  for  ultra- 
ultramlcroscopes,  supermlcroscopeS  and  optical  systems  which  can  set  fire  to  objects 
at  a  distance.  Tlie  decrease  In  the  number  of  suggestions  for  perpetual  motion  has 
undoubtedly  been  aided  by  popular  science  literature.  Unfortunately,  in  the  field 
of  optics  there  has  not  been  so  far  any  literature  giving  a  fairly  simple  and  co¬ 
herent  account  of  what  Is  possible  and  Impossible,  and  It  Is  now  high  time  the  Ideas 
and  energy  of  inventors  were  directed  into  more  hopeful  channels. 

The  appearance  of  this  little  book  by  Professor  G.G.  Sluysarey,  and  outstanding 
specialist  in  mathematical  optics  and  author  of  the  "  Theory  of  the  Calculation  of 
Optical  Systems"  ,  Is  very  timely.  Naturally,  within  the  space  of  this  short  book 
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Professor  Sluy&arev  has  certainly  not  been  able  to  explain  all  the  paradoxes  to  be 
found  in  optics,  and  much  has  had  to  be  described  rather  briefly  and  sketchily. 

There  will  no  doubt  be  need  for  more  books  and  booklets  with  fuller  explanations 
of  three  optical  paradoxes,  but  at  the  present  stage  we  must  welcome  the  "first  swallow 
of  spring"  in  a  much  needed  field. 

1944  S.  Vavilov 
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AUTHOR'S  PREFACE 


The  spheres  of  appllcatloa  of  optics  are  broadening  and  multiplying  with  every 
year.  Engineers,  chemists,  doctors^,  biologists  and  military  experts  are  all  having 
to  learn  the  fundamental  principles  and  laws  of  this  branch  of  physics.  But  optics 
Is  an  abstract  discipline  and  not  always  one  easy  to  master.  Although  It  Is  relativ¬ 
ely  easy  to  acquire  a  practical  knowledge  of  the  basic  properties  of  optical  Instru¬ 
ments,  the  theoretical  fubdamentals  are  mych  harder  to  assimilate.  That  Is  why  It  Is 
possible  to  make  errors,  sometimes  extremely  suble  ones  difficult  to  detect,  most 
often  the  possibilities  of  the  optical  Instruments  are  overrated  and  give  rise  to 
unrealizable  hopes,  and  later  —  after  futile  attempts  —  to  disappointments. 

The  opinion  Is  current  among  many  optical  specialists,  sometimes  leading  experts 
In  the  field,^that  optics  Is  an  all-powerful  weapon  which  can  qiake  beams  of  light 
do  anything  at  all  --  produce  any  degree  of  Illumination  ,  (which  Is  just  tolerable) 
or  any  degree  of  brightness  (which  Is  contrary  to  the  second  principle  of  thermo¬ 
dynamics),  make  any  beam  parallel,  and  even  turnlt  Into  a  needle-point,  which  Is 
just  one  step  away  from  the  fantasy  of  science  fiction. 

The  blame  for  this  misunderstanding  of  optical  systems  lies  to  a  large  extent  with 
hlgh-school  textbooks.  In  many  of  then  geometric  optlos,  photometry  and  diffraction, 
which  are  closely  Interlinked  and  determine  the  properties  of  all  optical  Instruments, 
are  presented  as  completely  Independent  branches^. 

From  the  standpoint  of  general  physics  this  distinction  Is  unimportant,  but  It 
affects  the  theory  of  optical  Instrunents:  when  split  up  Into  little  pieces  this  branch 
of  science  soon  vanishes  fron  the  memory. 

No  matter  how  this  state  of  affairs  came  about,  we  must  do  something  to  prevent 
Its  harmful  consequences.  The  author  hopes  that  this  book  may  be  of  some  use  In 
this  respect. 


We  have  found  a  number  of  Incorrect  statements  In  one  particular  upper-grade 
textbook  used  In  high  schools.  It  states,  for  example,  that  the  magnification  of 
telescopes  ranges  fron  1000  to  10,000  (this  latter  figure  Is  clearly  exaggerated) 
and  that  microscopic  enlargement  reaches  as  nuch  as  3000  (such  magnification  Is  use¬ 
less  and  even  harmful).  The  textbook  does  not  explain  why  there  Is  a  limit  In 
magnification.  In  the  chapter  on  diffraction  there  Is  no  reference  to  the  ways 
In  which  It  Is  manifested  n  optical  Instruments^  while  It  Is  actually  the 
diffraction  which  prevents  high  magnification. 
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The  reader  Is  no-l:  offered  a  systematic  course  in  optics,  not  even  additional 
chapters  to  supplement  those  missing  in  elementary  courses.  The  author  has 
selected,  more  or  less  on  an  arbitrary  basis,  several  problems  of  applied  optica,  in 
particular  those  which  Inventors  find  alluring  (this  Includes  optical  experts  as 
well  as  specialists  in  other  branches  of  engineering),  for  example,  the  problem 
of  being  able  to  set  fire  to  objects  at  a  distance  and  super-magnification  in 
telescopes  and  microscopes.  It  also  sets  forth  some  views  on  more  subtle  problems, 
such  as  "optical  amplifiers"  with  a  large  scope  angle,  prospects  for  the  development 
of  optical  Instruments,  and  so  forth.  Although  the  book  has  no  definite  plan,  all 
the  Inventions  considered  have  one  feature  in  common  --  they  are  not  possible  in 
practice,  either  in  the  absolute  sense  or  at  least  for  a  long  time  to  come. 

The  author  certainly  does  not  wish  to  sow  seeds  of  optical  pessimism  in  the 
minds  of  his  readers  by  limiting  the  framework  within  which  new  applications  of 
optical  Instruments  are  commonly  sought.  Hence  the  book  describes  several  new  ways 
of  increasing  the  power  of  optical  instruments,  which  have  been  recently  developed 
but  are  still  little  known,  wven  to  specialists.  These  Include  the  interpretation 
of  deffractlon  patterns  which  relace  images  at  high  degree  of  magnification,  and 
different  ways  of  Improving  contrast  of  the  image  and  the  use  of  electron  Instead 
of  luminous  fluxes. 

After  the  publication  of  the  first  edition  of  this  book,  there  appeared  a  npmber 
of  curious  devices  Invented  by  reputable  authors;  these  devices  seemed  feasible  at 
first,  but  were  actually  based  on  a  mis interpretation  of  the  most  important  principles 
of  optics.  The  misinterpretation  arose  from  the  fact  that  in  the  inventions  the 
prSnclples  were  masked  by  extremely  complex  designs  which  confused  both  the  Inbentors 
themselves  as  well  as  the  pitiable  reviewers.  Some  of  the  more  vivid  "inventions" 
in  this  category  are  presented  in  a  simplified  form,  divested  of  their  cumbersone  and 
futile  trimmings;  in /this  form  it  is  easier  to  bet  to  grips  with  the  underlying  error 
in  them.  ' 

Optical  parts  are  sometimes  considered  to  posses  more  dangerous  properties  than 
they  actually  have;  this  leads  to  undue  precaution  in  dealing  with  them,  particular¬ 
ly  in  respect  of  their  fire  hazard.  This  question  is  considered  in  a  separate  chapter. 
There  is  also  a  description  of  the  phase  contrast  method  which  is  now  enjoying  well- 
deserved  popularity. 

Despite  the  small  scope  of  the  book,  and  the  problem  considered,  the  author  was 
nevertheless  forced  to  conduit  a  number  of  members  of  the  State  Optical  Institute 
and  takes  the  opportunity  of  expressing  his  gratitude  to  those  concerned. 

In  particular  the  author  considers  his  duty  to  point  out  that  the  idea  of  the 
book  belongs  largely  to  Professor  S.I.  Vavilov,  who  rendered  a  great  deal  of  valuable 
assistance.  The  author  is  alsoindebted  to  Professor  Ya.Ye.  Ellengom  and  V.  Ye. 

Kozlov  for  the  illustrations  in  the  chap^er  on  microscopes. 

VI 


The  second  edition  of  the  book  was  reviewed  by  Academician  G.S.  Landsberg  who 
made  sp,e  cprrectopns  and  useful  comments.  To  the  author's  deep  regret  the  death  of 
G.S.  Landsberg  prevents  the  author  thanking  him  personally. 

The  third  ddltlon  Is  the  same  as  the  second  except  for  the  addition  of  the 
section  "Recovery  of  Sight"  when  the  retina  Is  damaged"  and  a  new,  simpler  account 
of  the  piiase  contrast  effect,  borrowed  from  Tsernlke. 


G.  Slyusarev 


November,  1959. 
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CHAPTER  I 


COlfflUSTION  PROM  APAR 

Seo,  1,  The  origin  of  the  notion  of  combustion  from  afar 
The  legend  that  Arohimedes  used  mirrors  to  set  fire  tc  the  enemy  ships 
anchored  off  Syracuse  has  stimulated  the  imeigination  of  many  generations  of 
inventors,  It-is  noteworthy  that  the  legend  only  became  widespread  in  the 
Middle  Agesi  it  seems  as  though  one  of  the  persons  responsible  for  this  was  an 
inventor  of  the  time  who  wished  to  be  able  to  use  the  authority  of  Archimedes 
to  justify  his  own  efforts  in  the  same  direotion.  Jean  Battista  della  Porta, 
the  inventor  of  the  "camera  obsoura",  has  left  us  a  de script ion  of  a  combustion 
maohine  of  this  kind,  almost  identical  in  principle  with  the  hyperboloid  of 
Garin  the  engineer  in  A,  Tolstoy's  well-known  story. 

It  should  be  noted  that  even  as  long  ago  as  the  Middle  Ages  there  were 
scientists  who  did  not  believe  in  the  possibility  of  such  machines.  In  his 
"dioptrics"  Kepler  refuted  Porta's  hypothesis  by  means  of  arguments  which  coin¬ 
cide  in  content,  if  not  in  form,  with  those  which  we  shall  adduce. 

An  extensive  contribution  to  the  popularization  of  combustion  machines  has 
been  made  by  different  writers  for  whom  these  death-rays  burning  up  everything 
in  their  path  are  a  veritable  treasure.  The  Martians  in  the  novel  by  H,  G,  Wells 
almost  conquered  the  earth  by  using  weapons  which  emitted  heat  rays;  Wells  was 
too  shrewd,  however,  to  describe  the  weapons  the  Martians  used.  Engineer  Garin, 
who  was  created  by  one  of  our  own  Soviet  writers,  is  undoubtedly  a  pioneer  in 
the  invention  of  lon^^range  combustion  machines,  and  there  is  no  doubt  that  he 
has  had  a  great  effect  on  the  minds  of  many  inventors  who  have  msuie  use  of  his 
basic  idea.  The  literary  craftsmanship  of  the  celebrated  writer,  A.  Tolstoy, 
made  the  idea  seem  true  to  life,  although  it  is  radically  impossible,  as  we 
shall  see.  Furthermore,  engineer  Garin  had  obviously  forgotten  his  geometry, 
since  he  confused  hyperboloids  with  paraboloids,  and  did  not  know  how  to  find 
the  focus  of  the  latter. 
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It  is  oxirious  that  Jules  Verha^  who  predioted  the  teohnioal  developments  of 
the  ^entieth  Century  In  many  fields^  avoided  the  trap  which  ensnares  many  writers 
of  eclenoe  fiction.  His  prolific  writings  contain  descriptions  of  many  advent 
turous  investlons.  Optical  instrtmentsj  as  befits  them^  are  also  given  a  place. 
But  non  of  Jules  Verne’s  hero  scientists  ever  thought  of  using  heat  ray.  His 
great  common  sense  cautioned  him  against  too  unlikely  Inventions. 

As  a  result  of  adventure  stories  and  ancient  legends^  the  nximber  of  inven¬ 
tions  which  are  supposed  to  cause  fires  or  explosions  by  means  of  heat  rays  at 
great  distances  is  increasing  frcm  year  to  year.  It  would  appear  that  the  tre¬ 
mendous  development  of  engineering  in  the  last  few  centuries  gives  us  every  reason 
to  believe  that  this  long  dreamed  of  aim  can  be  achieved^  and  it  is  quite  natural 
to  wonder  why  the  solution  has  not  yet  been  found. 

Just  as  during  the  time  of  Archimedes^  for  most  contemporary  inventors  the 
energy  carrier  is  a  beam  of  light  rays  concentrated  by  some  sort  of  optical  de¬ 
vice.  Since  both  sources  of  light  rays  aid  optical  Instruoients  have  been  perfected 
to  a  great  extent^  it  is  natural  ,to  believe  that  the  solution  of  the  problem  is 
also  not  far  off. 

Let  us  examine  the  reasons  why  thousands  of  designs  already  put  forward  and 
thousands  of  others  which  will  see  the  light  of  day  in  due  course  are  doomed  to 
failure j  despite  the  complexity  and  cleverness  of  the  arrangement  of  parts  in 
the  optical  device.  We  are  obviously  disregarding  instruments  which  are  in 
direct  proximity  to  the  object  which  can  set  fire  to  objects  from  afar  is  quite 
feasible  theoretically.  If  we  have  a  powerful  light  source  and  an  extensive 
optical  system^  we  can  concentrate  enough  energy  to  ignite  any  inflammable  sub¬ 
stance  ,  such  as  paper  or  sawdust «  from  any  distance  away. 

The  heating  effect  here  depends  both  on  the  source  of  the  rays  and  the  op¬ 
tical  system  transmitting  the  energy.  But  given  the  present  day  sources  of  light, 
we  require  optical  systems  of  fantastic  dimensions,  as  we  shall  see  later  from 
the  theoretical  equations. 

There  is  a  simple  experiment,  known  to  any  schoolboy,  that  explains  both 
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^  the  batlo  pvlaoiplo  of  all  Inrontiona  rolatln^  to  oombuatlon  from  afar,  as 
irall  am  tte  doaplaie  futlCtity  of  tham  (when  o one more  oloeely). 

TKS  MSf 

Ltt  ue  tako^a  aondenelng  lane  with  the  greatest  possible  dlMster  and  Short¬ 
est  focal  dlstsnesi  for  essaple^aa  ordinary  aafslfylag  glass>  on  a  brl^t  siamy  day. 

We  will  position  It  so  that  ^  ^  At  its  focal  point  the  lens  toam 

a  tiny  Inags  of  the  stm,aad  If  the  ratio  of  the  diameter  and  focal  distance  Is  ftdrly 
large  (from  now  on  this  ratio  Is  called  the  relatlTS  aperature  of  the  lsns)«  we  can 
easily  set  fire  to  pieces  of  paper,  cloth,  cork  and  so  on. 

If  we  take  a  wery  long  focus  lens,  let  us  say  a  spectacle  lens  of  Imlf  a 
diopter  (posltlwe),  we  produce  an  Image  of  the  svm  In  tie  form  of  a  large  circle  2  cm 
la  disaster  about  2  m  from  the  lens,  but  the  Image  is  so  weak  that  it  can  be 
at  on  a  sheet  of  ihlte  paper  without  discomfort.  Obwlously,  there  Is  no  cohbustlon 
in  this  case. 

Ihe  effect  of  the  relatlTe  aperture  of  the  Mas  can  easily  be  explained. 

Sec.  2.  Fundamentals  of  Study  of  liadnous  energy 

First  of  all,  let  us  agree  that  we  will  use  the  entire  apparatus  and 
temlaology  of  photometry,  since  that  science  has  been  fully  derelqped,  is  conwenlent 
and  applicable  to  our  problem,  except  that  we  will  hatre  to  broaden  the  sphere  of  its 
application  for  our  purposes. 

Ihotometry  studies  the  properties  of  risible  light  rays,  l.e.,  rays  uhleh 
cause  a  reaction  In  the  retina  of  our  eyes .  But  we  shall  be  dealing  not  only  with 
risible,  but  also  Inrlslble  Infxa-red  rays.  To  arold  Introducing  unnecessary  new 
units,  we  will  use  the  conrentlonal  photometric  units  end  glre  them  sll^tly  different 
values  corresponding  to  a  wider  region  of  the  spectres. 

Despite  the  great  possibility  that  the  unlnlStated  readers  will  hare  to 
reach  for  their  photometry  textbooks*,  we  will.outllne  here  the  ftmdsaentals  required 
for  further  argmsentatlon,  especially  since  for  our  purpose  we  will  describe  them  from 
a  sllfhtly  different  angle. 

A  been  of  rays  osrrle$  a  certain  amount  of  energy,  the  presence  of  uhleh 
can  easily  be  detected  by  Intercepting  them,  for  example, with  a  soot-corwred  screen. 

The  screen  heats  up  under  the  action  of  tile  besm  until  a  therasl  balance  Is  established 
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i.«.i  vBtil  th*  bMa  «ltt«d  by  th«  bMiad  bo&y  b«eonM  afv*!  to  th«  •troMi  luptaging 
upoD  It.  Dio  hao^  dopoBAo,  on  Dio  ono  hosA,  on  Dio  laclAont  stroui  ondi  on  Dm 
othor,  OB  tho  proportlos  f/y^r  necai^/rAMn/t  irs  to  obaoib  tknt  Inorgy. 

For  onnplo,  o  froohly  oppIloA  loyor  of  nopioolaB,  plMtor  of  porlo  or  ollvor  rofloeto 
95  *  9d)(  of  Dm  laolAont  onorgy.  A  ourfoeo  eootoA  olDi  ooot  or  rolTot  oboorbo  96  -  996 
of  Dm  inelAont  onorgy. 

Dm  rotlo  botooon  Dm  onoimt  of  U^t  rof  loetoA  In  oil  Airoetlono  by  o  not 
•nrfOco  oaA  Dm  aowiiit  of  ll^^t  ohidi  orlKliMlly  <ip<«»er*  DpoB  It  Is  tomoA  Dm 
rofloeting  powor  or  olboAo.  Dm  alboAo  o  rorloo  fron  loro  to  vilty. 

Vhot  la  Dia  rolotloBSblp  botwoon  Dm  baotlag  up  of  o  body  ubldi  obooibo 
oil  UDit  OBorgy  lagtlaglBg  on  It,  oaA  Dm  atrooB  of  anorgy  Itaolf  T  An  long  on  Dm 
tanparotora  of  Dm  body  la  atlll  o  loBg  uoy  froB  Dm  oquillbriuo  point,  Dio  hootlag 
UP  la  proportloaol  to  Dm  onorgy  of  Dm  flux  por  unit  orao  (l.o..  Dm  looo  tte  omo 
ovor  uhldi  Dm  flux  la  eoBControtod  oad  Dm  longor  Dm  durotlon  of  Dm  booting,  tho 
Boro  Dm  body  hooto  up) . 

Dio  BUB  rodlotao  onorgy  vlDi  o  poaor  of  2  coI/bIb  por  cb^,  l.o.,  on  oroo 
of  1  CB^,  for  uhldBi  0*0,  lllaolaotod  by  dlroet  omllDit,  oboorbo  2  colorloo  o 
BlButa,  or  0.1b  uotto.  If  Dm  boot  copoelty  of  Dm  oroo  la  unity.  Dm 
la  1  CB  aal  Dm  DmtboI  eonduetlTlty  la  rory  hl|^  (inflnlto),  tho  oroo  boota  up  2* 
por  Blauta,  or  120*  por  hour.  Any  block  body  bootod  to  120*C  rodlotoa  O.lb  uotta 
froB  1  of  Ita  Burfoeo.  lanco  lli^t  of  tho  bub  cannot  roiao  Dm  taoporoturo  of 
any  body  aboao  120  *C. 

Ixparlnanta  Bbou  DMt  o  tovoroturo  of  500  -  700*C  la  rogulrod  to  i^Dto 
dry  uood.  Dila  toMporoturo  could  only  bo  Obtainad  by  a  block  body  If  ifvory  ofaoro 
contlBOtor  of  aurfOca  rocotvod  a  flux  of  2  -  5  uotta,  l.o.,  20  •  bO  tiaoa  aoro  Dmb 
Dm  aun  prorldaB  undor  Dm  boat  circwatOBCoa;  Dio  booting  uould  taOTo  to  bo  eontlnuod 
for  aoBO  tlBO  oa  voll  •  20  or  30  nlnutoa . 


# 

For  oxanplo,  aoally  undaratudablo  toxtbooka  "O^uMrol  mteodnctlon  to  ^otoBatry” 


4 


r 


Aa  oatjpat  of  InmdraAi  of  wtt«  !■  reqalxal  for  laitaataiiood  l^iltlm,  alnoe 
■oat  aaally  laflaaBable  aollda  abaoz%  only  30  or  40l(  of  tha  mugf  laplaglae  upon  tliaa. 
A  flux  of  130  uatta,  30  uatta  of  lAilOh  uailA  be  uaod  to  boat  up  tbo  body,  could  ralae 
the  teaparaturo  of  It  to  1300*0.  It  uouU.  oaly  need  a  few  aaeonda  to  aat  fire  to 
plaaka  of  uood  aad  ao  on. 

Nora  detailed  iafoiaatioB  on  Iba  affect  of  radiation  of  different  Intenaitlea 
la  glTaa  in  Nbla  1}  It  baa  bean  borrowed  Aron  a  tranalatlon  into  Ruaalan  of  Lawaon'e 
booklet  "Bu  Atonic  Borib  and  ConflatfratioDe’'  (Forelffi  Idt.  Areea,  1933,  p.  12). 

Ww  are  obrioualy  Intereated  In  waya  of  producing  a  flux  of  auffldent 
power  to  cat  fire  to  eaally  inf leanable  bodlaa  long  diataacoa  away. 

Let  ua  conalder  a  aource  of  li^t  aendlng  out  xaya  orar  certrln  area  of 
apace.  In  IMa  area  of  apace  let  ue  look  at  the  ao^lled  llAt  bean,  i.e.,  an 
elaaantary  tobpaa  filled  with  iindnoua  energy. 

Bible  1. 


I^nreaaion  or  effect 

Intensity  in 
cal/cm^.  sec. 

fiimlliAil:  1— ....... . . 

0.016 

Maccnfort  ■■'^ter  3  . . 

0.25 

Lower  linlt  of  radiation  auffldent  to 

Igilte  any  kind  of  wood  after  prolonged 

action  If  a  anall  flene  la  placed 

half  an  Inbh  fron  the  aurfbce  In  addition 

to  ndletlCB  frcn  afar,.. . . . . . . 

0.3 

Lower  Unit  of  radiation  auffldent  to  cauae 
apontaneoua  coribuatlon  in  any  tppe  of 

irf *««  nrolmsMif  on.-- . 

0.7 

Spontaaeoua  coribuatlon  <f  cotton  cloth... 

T«  f  mmticmAm . . . . . 

0.8 

Tn  ^  ............................................ 

1.0 

In  3  aeccnda . . . . . . 

1.3 

Spontaaeoua  ccahuatlcn  of  Inaulatad  flber-paateboard 

T|i  f  a^.niAa . . . . . 

1.1 

Tf)  ^  aacfli^*  .  .  . .  . . . . . . . 

1.25 

In  3  aeconda . . . . 

1.4 

Spontaaeoua  ccnbuatlon  of  thick  oak  plaaka 

Tn  ?0  aecoiide . . . . . . 

1.1 

Tnio  ascend* . . . 

1.3 

Tn  H  tac'’n4i . . . . . . . 

1.35 

If  the  nedlun  mrou^  which  the  li|0it  apreada  la  laotrople  (haa  identical  propertlea 
In  all  directlona}-  which  la  alwaya  the  caaa  In  practice  the  lle^t  beana  are 
bounded  by  llnaar  aurfacea.  A  bean  of  thla  kind  la  bounded  by  two  arcM  8  aad  a* 


(Pig.  1) ;  In  a  lartleulMr  caM  a  aay  T>a  jpart  of  lliit  aurfaea  of  tha  aourea  aal  a '  aay 
ba  part  of  tha  aurfaea  of  tha  raealyar. 

Lat  ua  flrat  eonal&ar  tha  gnaral  caaa  la  uhieh  a  loaa  not  coiailda  vlth 
tha  aoarco>  nor  a'  vlth  tha  raealyar. 

Lat  a  ba  a  awll  area  ra&latlng  anargy  aad  lat  OH  ba  tha  noraal  to  thla 
area.  Lat  a'  ba  aaothar  aaall  araa  parpaadlcular  to  tha  dlractlon  00.'.  Let  ua 
eonaldar  tha  total  lualaoua  flax  zadtatad  by  ^  araa  a  aad  raealrad  by  tha  araa  a ' . 
Staca  thaaa  araaa  ara  yary  anall,  ua  nay  taka  it  that  tha  baaa  ia  hoawganaoua  ulthln 
tha  eoaa  of  raya  paaaiag  throuih  •  Haaea  ^  flux  throng  th^aa  araaa  la 

proportional  to  a  aad  a*.  Furthamora,  If  tha  dlractioa  of  tha  bean  axia  00'  foma 
the  angle  B  ulth  tha  nomal  CM  to  tha  araa,  tha  flux  ia  alao  proportional  to  coo  &  , 
aiaea  it  la  only  ihm  projaetloa  of  tha  araa  a'  onto  tha  plane  parpandicular  to  00' 
uhldi  acta  in  tha  direction  00'. 


Fig.  1.  Ll^t  baaat. 

Lat  ua  now  eonaldar  the  affect  of  tha  dlataaca  1  batuaan  a  and  o'.  If  ua 

■ora  tha  araa  a'  froa  a  to  a  dlataaca  n  tiaaa  greater,  it  la  eliw  that  the  poiar  on 

2  2 
it  la  n  tinea  a»ller.  Hence  tha  power  ia  Inyaaaaly  proportional  to  1  and  for  the 

power  $  ua  can  urita  down  tha  aguation 

^  flss'  ■  cos  • 

If— • 

lhara  B  ia  a  coefficient  depending  on  the  propartlea  of  tha  aource,  bihnot  dopandlag 
on  the  ihapa  or  boundarlaa  of  the  bean.  Ihe  coefficient  B  la  tamed  the  brlfhtneaa 
of  the  beam:  thla  concept  nay  ba  applied  aa  well  to  tha  part  of  tha  adurca  aurfaea 
intaraectad  by  the  beam,  prorlded  the  latter  la  extended  aa  far  aa  the  aource.  If 
the  aource  la  not  a  aurfaee  one,  but  a  body  aource  (e.g.,  a  Ixuilnoua  gaa,  the  aky, 
and  ao  on),,lta  brlfhtnaaa  la  detamined  on  the  baala  of  the  equation  given  for  the  flux. 


^  •gofttian  for  $  can  be  vritten  in  tlie  form  of  t2ie  product  of  two 


■altlplae 


*  =  (Bsco8e)(^). 


Ibe  first  multiple  le  conTentlcoally  termed.  Ilie  ll4^t  Inteaaity  of  -ttie 
area  •  la  the  direction  s'j  the  second  multiple  Is  merely  -the  lolid  ^  mhlch 
the  area  s'  la  risible  from  the  element  s,  or  leaving  aside  for  Ihe  moemnt  the  area 
s'  shlch  mas  only  used  to  Illustrate  the  point,  the  solid  angle  of  radiation.  Thus, 
the  elementary  flux  $  Is  the  product  of  the  llc^t  Intensity  I  In  the  direction  of 
radiation  and  the  solid  angle  of  radiation  co 

*  =  /«. 

If  the  source  Is  large  In  alee  and  the  solid  angle  of  radiation  cj  Is  large, 
the  total  flux  Is  the  am  at  all  -^e  elesmntary  fluxes  obtalxmd  by  dividing  the  area 
and  solid  angle  into  elements. 

Attention  Should  be  given  to  the  particular  case  in  idilch  s  Is  part  of  the 
surface  of  the  luminous  source.  Any  limlnous  body  emits  llg^t  from  different  points 
and  in  different  directions.  QeiMxally  speaking.  Its  brlf^tness  rarles  from  point  to 
point  and  also  larles  at  each  point  according  to  the  direction  of  radiation;  here  the 
relationship  between  brlf^tness  and  direction  can  be  represented  by  amy  law. 

The  eguatlcn  given  for  $  remains  valid  for  this  case,  but  B  has  to  be 
taken  in  accordance  with  the  law  of  radiation,  idiile  coo  B  Is  considered  equal  to 
unity.  The  flux  Is  expressed  in  itmeas ,\'the  li{^t  intensity  In  candles,  and  the 
brl^tness  in  nits  if  we  take  the  meter  as  the  unit  of  length,  and  in  stubs  If  we 
take  the  centimeter  as  the  unit  of  length. 

The  effect  of  a  been  of  ll^t  on  a  screen  placed  In  its  path  Is  determined 
by  the  density  of  the  flux,  which  phctcmetrists  call  the  Illumination,  and  this  Is 
equal  to  E  ,  where  s'  Is  the  area  of  the  Illuminated  element. 

Ihe  rise  in  temperature  over  a  fairly  brief  period  of  time  Is  also 
proportional  to  the  absorptivity  of  the  screen.  E  Is  expressed  in  phots.  The  phot 
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It  often  replteed  by  llie  lux  (I  lux  *  10  phott). 

At  an  illuitxatioa,  let  ut  look  at  12ie  brlf^taeet  (in  the  rltlble  region  of 
the  tpeetruB)  of  tone  llj^t  aoureea.  Hhe  brl^tneaa  of  Ihe  aun  la  120,000  atllba, 
an  electric  arc  crater  la  1^,000  atllba,  a  “point"  bulb  rangea  up  to  2, $00  atllba, 
and  the  fllaaent  of  an  Inoandeacent  bulb  haa  a  brli^tneaa  of  300  •  800  atllba. 

The  llliaainatlon  (in  Ihe  rlalble  region  of  the  apectrun)  due  to  the  aim  on 
the  earth 'a  aurface  la  about  10  phota. 

We  can  now  detemlne  the  lllualnatlon  reguixed  to  Ignite  InflnaaMble 


oaterlal,  for  easanple  In  the  experlnant  ulth  the  nagtlfylng  glaaa  deacrlbed  abore. 

Let  ua  conaider  teo  arena:  one  la  directly  lUvadnated  by  amliih't  uhlle 
the  other  la  lUwinated  by  the  Inage  of  the  aun  produced  by  a  lena  vlth  dlmieter 
D  *  LL'  (Pig.  2)  and  focal  dlatanoe  f .  We  hnoa  that  the  eun  can  be  aeen  free  the 
earth  at  an  angle  of  31* ;  hence  the  Inage  of  the  aun  aa*  produced  by  the  lena  haa  a  . 


dleneter  of 


rf  =  2/tg^' 


/ 

115* 


,  Ohe  total  luBlnoua  flux  Incident  on  the  aurface  of  the  lena  of  an  area  of 
X  la  concentrated  In  the  aun'a  Inage,  the  dlnneter  of  uhleh  la  f/llO  and  the  area 
A)(f/I10)^. 

Ihe  lllislaatlon  of  the  aim'a  Inage,  conpared  ulth  E  obtained  directly 
la  greater  by  the  folloelng  fhetorr 


Experience  ahova  that  a  lena  vlth  a  relative  aperture  C/f  egual  to  l/Z  can 


aet  fire  to  blta  of  cork,  dry  vood  aharlnga,  etc.  But  thla  lena  intanalflea  the  aun'a 
radiation  by  a  factor  of  (110  •  l/2)  3000.  Ibua  radiation  enabling  ua  to  rapidly 

bum  up  an  object  la  3000  tijMa  greater  than  the  aun'a  radiation  on  the  aurface  of  the 
earth. 


O^ral  caae.  So  far  ve  have  only  conaldered  a  caae  In  thlch  the  aun  la 
the  aource  of  ll|^t.  Let  ua  now  atidy  a  more  general  caae  in  vhlch  the  aource  la 
an  Incandeacent  body  acceaalble  to  ua,  for  example,  the  crater  of  an  electric  arc 


d 


Fig.  2.  Image  of  the  sun  projected  through  a  lens 


Pig.  3.  laUflB  of  »  llf^t  lourco  at  a  finite  distance. 

Let  0,0^  be  Use  Uc^t  source,  L  be  the  optical  sFstsn  represented  by  a 
leas  for  the  sake  of  slapllclty  and  O'O'  be  the  laags  of  the  source  produced  by  the 
leas  L.  Let  ^  be  the  poser  of  the  lunlaous  flux  Incident  on  the  lens.  0^^  task  Is 
to  detemtne  this  poser,  knoslng  the  brightness  of  the  source  In  different  directions 
(a  qwntlty  shldi  la  directly  eeasuxeble). 

Ihe  east  general  case  lasolTSs  coasiderahle  difficulties  In  calculation  and 
Is  of  little  practical  Interest.  Let  us  therefore  consider  tso  particular  cuses  ihlch 
are  sery  close  to  the  ll|^t  sources  of  greatest  interest  fron  the  standpoint  of 
application,  naaely: 

1)  sben  the  ll^^t  intensity  Is  constant  In  all  directions  (for  exaeple  in 
tungpten  arc  ll^ta ,  knosn  as  point  U^ts ,  excluding  a  Tery  aeall  area  of  shades)  j 

2)  ihen  the  brlchtaess  of  the  source  Is  constant  orer  its  surface  and  in  all 
directions  (the  sun,  the  sun's  laaga  as  producsd  by  optical  systasis  and  arc  araters 
belong  to  this  category). 

Let  us  further  assuae  that  the  li^t  source  Is  located  on  the  axis  of  the 
optical  systaii^  projecting  its  laaga  onto  the  target,  and  that  the  systea  is  syawtrlcal 
ulth  respect  to  the  axis  (conditions  always  borne  out  In  practice)  (Fig.  4). 
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Fig.  4.  DAttraltiiBg  Hilt  Italaotts  flux. 

L*t  u  b«  tlie  angle  foraed  by  the  axle  of  a  zay  paaelag  Ihroui^  Ihe  edge  of 
the  lens .  Bie  solid  angle  at  Which  Ihe  lens  is  rlslbie  f roa  point  0  is  deteralned.  by 
the  area  of  the  surface  Q  cut  out  by  the  cone  of  aarginal  za>B  on  a  sphere  ullh  a 
radius  equal  to  uaity,  and  by  the  center  at  the  point  0.  Ihls  area  is  equal  to  4iCsln^ 
In  the  first  case  the  llc^t  intensity  is  constant  In  all  directions  and  so 
the  hadaous  flux  enltted  by  the  sowce  and  hspinglng  upon  the  optical  systn  is 
equal  to  the  product  of  the  llc^t  intensity  I.p  and  the  solid  angle, 

®  =  4«/o8in*y.  (l) 

In  the  second  case  the  brif^taess  B  Is  constant;  the  intensity  is  not ' 
constant,  and  tarles  according  to 

/  —  Bs  cos  u, 

uhere  s  is  the  area  of  the  source.  Sinple  calculation  (see  any  textbook  on  photonetry) 
gives  the  following  expression  for  the  flux 

It  is  interesting  to  conpare  Bqs.  (l)  and  (2).  If  the  sotree  is  fairly 
snail,  an  u  we  can  take  the  angle  foraed  by  the  narginal  ray  passing  throui^  the 
center  of  the  source  towards  the  edge  of  the  optical  systea.  Fisrthezaore,  by 

I 

considering  the  brif^tness  to  be  constant  over  the  entire  source  we  get 

Bs  -  /,. 

1  0 


►*  I'sr 


vlMT*  I  ^  ii  tb«  itttMislty  of  tbs  li|^t  In  tbe  dlr«ctl<m  of  Um  at  Ifao  tyttf, 
•ad  tte  ■•coBd  aqaatioB  for  ^  ean  ba  vrlttoa  bn  Hm  fom 


(2») 

ttiat  ain  u  “  n 
ramlt 


9=«/osin*u. 

W*  oaa  that  at  laall  aagloa  u>  vtaan  it  eaa  b«  aaaoMd 
(tba  aagla  u  i*  exprataad  la  railaaa),  both  aqaatloas  glT*  tha  hob 

® 

ahlch  oaa  ba  fwlhat'  vrlttan  la  lha  font 

/  V  'b 

®=*/o\  7)  . 

ahara  R  la  tha  radlua  of  Hm  laaa  apa^xa  la  Jia  optical  ayatoa  aad  1  la  Iha  dlataaca 
ftoa  lha  aourea.  Or,  atlll  aora  abaplr-  ^ 

-jr 


®  =  ^  =  5£. 


ahare  8.  la  tha  araa  of  tha  laaa  aad  E  la  tha  iUaalaatlOB  produead  bx  tha  aourea  oa 
tha  laaa  avrfaoa.  Tbaa,  tha  flax  la  equal  to  tha  prodist  of  tha  laaa  araa  aad  Ita 
llIuBiaatlaa,  ahleh  la  aliat  ahould  ba  cxpactad  alaca  the  flux  la  the  piroduet  of  tha 
araa  aad  tha  illvalaatloa  of  It. 

laTirthalaea  thia  eaaa  la  of  little  iataxaat  to  ua,  alaca  tha  laalaoua 
flux  eamot  ba  rexy  great  bhaa  tha  laaa  la  aaall  la  alia. 

Let  ua  go  oa  to  coaaldar  the  oaaa  of  large  aaglaa  u,  ublch  ralataa  toi^aoarch- 
U^t  alrrora  (Pig.  $).  Hera  Bqa.  (l)  aad  (2a)  glTa  dlffaraat  raaulta;  tha  aquatioa 
for  "poiat”  aourcaa,  l.a.,  for  aowcaa  ulth  a  couataat  li^t  iataaaity,  prodacea 
larger  fluxaa  tbaa  tha  foxaula  for  aourcaa  coafoanelag  to  laahart'a  law  (B  la  couataat). 
For  exaaple,  at  u  <■  90*,  ua  gat  for  tha  foxaar 


•ad  for  the  latter 


O  =  2it/o, 
4>  =  it/o, 


l.a.,  half  aa  audx.  la  tha  aacond  carsa  a  further  iaeraaaa  la  tha  aagla  u  la  of  ao 
•duaataga  for  practical  purpoaaa.  By  uaiag  coaplax  optical  ayateoM,  for  axeagpla, 
aaarehllc^t  alxrora,  ua  caa  trap  a  ccaaldarahla  aanuat  of  tha  total  pouar  of  tha 
llf^t  aourea,  aa  ahowa  by  Eqa.  (l)  aad  (2).  It  la  ladaad  thla  THfrr  auggeata  tha 


possibility  of  oo^iesBtrstlag  s  poswrful  flux  oa  s  distant  oibjsct  sad  sotting  it  on 
firs. 

But  la  oonesatratlng  Itos  flux  uo  oncoontor  an  lasuporablo  difficulty  -  llio 

dissipation  of  xadlant  onsrgy. 

asc»  3.  Dissipation  of  radiant  onargy 
A  posarfttl  boSn  of  lli^t  has  ronchad  tbs  optical  systns*  All  uo  noed 
do  Is  turn  it  Into  a  parallal  at  subtly  cjnTHrglii)|  boaai  and  tlio  problon  is  solusd. 

It  nl^t  soon  Ibat  noliklag  could  bo  oasler  than  bbtaln  tbo  doslrod  result  by  aosns 
of  a  correctly  calcuUtod  optloal  spstns.  But  at  this  point  of  a  oxtroeely 
tnivorsal  Mtuxo  comb  lato  play;  -those  laus  aro  coMUarios  of  -the  lau  of  ^ 
conaonatlon  of  onergy*  Oiey  govern  tho  distribution  of  radiant  anorg]r  over  large 
distsacos  from  -the  sourco. 

Ihe  site  of  tho  greatest  con«mtxation  of  tbe  raps  passing  -throu^i  an 
optloal  systOBi  Is  -the  of  -the  ll|pxt  source*.  Honct  the  area  of  the  greatest 

ecnoeatratloa  of  rays  energing  fron  the  optloal  system  is  detemlaad  loy  -tbe  slse  of 
the  laage  (Pig.  6). 

Ihe  dimensions  of  the  laage  can  be  calc*;,lated  from  geometrical  optical 

i 

equations  •  In  the  case  in  point  ue  ulll  apply  the  uell-knoun  Lagmnge-Heljho^, 
according  to  uhldi 

there  n  and  n*  are  the  refractlTe  indices  of  the  media  in  uhleb  the  object  and  laage 

are  located,  reepectlrely;  1  and  1*  are  the  lengths  of  the  object  and  image,  u  and 

u*  are  the  angles  at  uhldi  the  optical  syitem  is  visible  from  the  center  of  the 

object  and  the  center  of  the  laage. 

i 

Ihe  lagxeknge-Hebdio^  lau  plays  an  important  part  in  photometric  calculations 

and  is  in  f/(o7  a  modification  of  the  principle  of  tho  conservation  of  energy.  We 

i 

ahouU  point  out  that  the  lagrange-Helaho]^  lau  holds  for  any  optical  system,  no 
« 

Or  else  the  optical  system  itself;  bit  the  latter  la  not  of  interest  in  the 


case  in  point 


Fig.  6.  structure  ct  a&  tnege. 

■ettur  how  May  parte  jr  co/^ rains  and  no  aatter  idietber  Ihey  are  rofleetlag  or 

« 

refracting  parte.  Ihere  le  no  coriblaatlcn  of  optical  esptcBe  efcddi  can  iavalliate 

llie  lav,  and  tbde  le  lAiy  all  hopea  for  vn  ideal  concentration  of  radiant  aner^  met 

collapee.  Furihexnore,  lev/  even  rnaaine  TPlid  for  generalised  optical  apstMa, 

for  exanple,  Ihoee  conprlalng  aepaxate  sones,  such  aa  llf^thouae  ]anaea  (Preanel 

lenaea)  or  Ihoae  employing  refraction  effecta  in  air  layers  In  vhich  ihe  refractlre 

> 

index  rarles,  and  also  for  "llc^t  lines”  and  beans  of  glass  thread  ("flbx^  optics”), 
vhich  bare  begui  to  be  used  in  recent  tine.  Has  proof  of  the  Iagrange»Helniho^  lav 
is  given  in  the  appendix. 

Let  us  derive  an  expression  for  the  lllwination  of  an  iaags  produced  by  an 
optical  systen. 

If  ve  dlsre^ird  energy  losses  in  the  system,  Ihe  total  pover  of  the  flux 

Incident  on  the  system  reaches  the  plane  of  the  iaage  and  is  distributed  over  the 

latter.  If  ve  exnnine  a  fairly  mmtll  elenent  of  the  source,  liie  brl^ness  of  -the 

latter  is  constant  over  its  area  and  -the  corresponding  elenent  of  the  iaage  is 

therefore  uniformly  lllimdxmted  as  veil.  Let  us  assuee  for  Ihe  sake  of  simplicity 

that  the  elenent  is  circular  in  shepe  vith  radius  r.  Let  r*  be  the  radius  of  -the  c/<cci/.4«. 

h 

Image  .  According  to  the  Lagrange-Helidiols  lav  ve  get 

A 

ffrsin«  =  n'r'sin«'. 

Since  in  all  practical  caies  n  *  n*  *  1, 
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r  sin  sin  a'. 


Let  ^  b«  tlM  poiMr  at  ih«  iaddmt  flue.  Since  tlu  oor^o/ve  fits  ^  tbs 
•Mi  poMT,  *Bd  tbi  illud.i»tion  of  tiw  loigi  elinint  la  then  ev*il  to 

c  «=-jr  , 

idi«r«  ■'  is  tlia  SNS  at  iJMgi>  or 

g/n-  O 

•r'*  • 

■t 

Svibstltatlng  for  r '  the  -vnlvu  of  lbs  latter  froa  the  lagreage-Helaho^  lew,  ee  get 

o> 

It  only  lewiliii  to  replace  $  by  Ibe  foznala  for  it  In  terns  of  the  bri^tness  of  the 
•onree  sal  the  Scope  an^e  u. 

Let  ui  first  considar  the  most  iaportsnt  esse  in  ehdeh  the  source  oonfons 
Hi  LMbertiUtv.  We  then  git  from  Xq.  <^) 

gsit/tSin*B. 

If  ee  hots  eoepress  the  ll|^t  intexislty  I^  In  tens  of  B  and  area  of  the  elenent  ^r^, 
then 

/« =  Bit/*, 


after  ehieh  ne  find  for 


<6  =  Bftr*'  1C  sin*  u, 


and  for  the  illuslaation  E' 


E'  —•KBsivfu'. 


So  far  ne  hare  disrec^ded  losses  of  light  in  the  optical  syitosi.  Let  us 
use  k  (a  nwber  alnays  less  than  unity)  to  deelgoate  the  coefficient  shoving  hov  aneh 
radiant  energy  is  able  to  pass  throuc^  the  optical  systoa.  We  then  finally  get  for 

£'  =  *icSsin*«'. 

(4) 

We  should  point  out  that  Eq.  (4)  only  holds  in  the  case  In  vhlch  the  entire 
cone  of  rays  incident  on  the  element  of  the  laage  is  filled  vith  re^.  We  vlll  see 
later  shy  this  point  1ms  to  be  stressed.  Equation  (4)  can  be  vritten  in  a  different 
vay.  On  account  of  the  great  distance  between  the  optical  s^ten  and  the  target,  the 
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angle  u*  la  alnnxe  cnnll  ead  ve  cm  therefore  vrlte 

sin«'  =  -!jy , 


ehere  D  le  the  dleaeter  of  the  ayitaB*,  and  1  la  the  dlatance  betvaen  Ihe  ayatan  and 
the  target.  Iguntion  (4)  than  tekaa  Ihe  fom 


MB  D» 

ir^T 


(l-t) 


Let  va  tiae  S  to  denc<ta  the  area  of  the  lane  (in  the  general  eaae  thla  la  the 


of  the  lena),  then 


£'~ 


kBS 


(5) 


Bila  eq^Ktlon  la  called  the  Naagen-Chlkolar  fomula«*. 

In  one  aenaa  Eq.  (^)  ia  nora  general  ^lan  Eq.  (4).  S  can  be  talom  to  mean 

the  area  of  all  parte  of  the  optical  ayaton  vULch  when  Tlewad  from  the  lllualxated 

•) 

target  appear  to  ahlne.  IhuB^  the  Nangen-ChlholeT  aquation  enhblea  ua  to  oonaider 
the  eaae  In  nhleh  aeaeral  optical  syataew  pperate  at  the  aaaa  tine,  althoiq^  they 
reqr  not  eonatltute  one  unit,  for  exaaqple,  a  a^ten  conalatlng  of  aeprate  nlrrora 
(fig.  7).  But  thin  ajietan  nuat  aatlafy  the  condlticn  that  all  the  nlrrora  diould  hare 

f 

the  aaan  purpoae.  For  a  mirror  ayatov.  or  thla  kind  Equation  (4)  la  aaanlnglaea, 
alnee  «e  do  not  kaov  that  la  meant  by  the  angle  u' . 

What  are  the  Impllcatlona  of  the  Naagen-KStlkoler  aq«tlon7  We  can  aee  that 
the  iUmdnatlcn  of  any  point  on  idxlch  raya  coming  from  a  llf^t  aource  mlth  brli^tneaa 


In  the  ganeral  eaae  It  ahouU  be  aald  that  the  diameter  the  ^  of  the 
optical  aye  tarn,  l.e. ,  the  diameter  of  the  real  or  iamglnary  dlapbram  idildi  reatrlcta 
the  beam  of  raya  emerging  from  the  ayatan. 

«»  •> 

Mangen  (182^  -  l88^)  uaa  a  French  military  engineer,  known  for  hla  work  on  llc^t- 
houaea,  aearchll^ta  and  other  long-range  Illumination  devlcea. 

Chlkolev,  V.  N.  (l84^  -  1896)  maa  a  Ruaalan  military  engineer  idio  wrote  a  nwher 
of  original  worka  on  illmlnatlon  engineering.  Ha  aaa  the  flrat  paraon  to  derlTa 

n 

the  equation  given  hare,  although  thla  formula  la  known  ae  the  Man^n  formula. 


1 


Fig.  7.  Intsrpretatica  at  th*  Mangn-Chlkolffr  lAv  for 
a  ease  in  \Aiicfa  tiie  lurfaice  is  not  continuous. 

(  B  are  focused.,  is  detsmined.  in  the  following  way.  !Qie  optical  systen  plsgrs  liie  part 

of  a  vm  lic^t  source,  obser-vel  directly  fron  Hie  point  under  consideration.  Ibe  new 
source  has  Hie  saoe  briefness  as  Hie  original  one  (dlsrecpxding  losses  in  Hie  optical 
systsB  Itself),  but  its  area  is  equal  to  Hie  area  of  Hie  9of\i.at  tbs  optical 

systsBi. 


Let  us  wlculate  tbe  illuaination  produced  at  a  distance  of  1  kn  by  a  nlrror 
2  B  in  dlaaeter,  at  Hie  focus  of  whidi  Hiere  is  a  hl^  intensity  arc  wlHi  a  brif^tness 

of  100,000  stilbs.  Blsregsrdlng  losses.  Hie  illiBlnatlon  is  (see  Eq.  (lia)) 

p_iooooo»(ioo)»  _ 

^  (too 000)*  ■  *0*  Ivjjc— 3  •  10*  lux. 

Despite  Hie  considerable  power  of  boHi  tbe  soisrce  and  Hie  optical  syst«,  tbls 
illuBlnation  is  30  tines  lass  than  Hiat  produced  by  tbe  sun  on  Hie  surface  of  Hie 
earth  I  Here  we  bare  not  taken  into  account  looses  in  Hie  optical  systsd  or  Hie 
a  tnospbere . 


Let  us  consider  some  aore  lapllcatlons  of  tbe  ^ngen-Chikoley  equation. 
She  lllisDlaation  of  a  target  does  not  depend  on  Hie  iise  of  Hie  source. 


An  lnex«M«  In  th«  ^  aonre*  can  only  be  brou^t  abont  by  enlarging  the 
target,  but  not  by  Increasing  its  llltadnatlon.  The  llltMlnation  ot  tbe  target 
decreases  In  proportion  to  the  sqrare  of  the  distance  •  uhlcb  is  quite  ratural. 

Let  us  another  ease  of  a  "point"  source,  i.e.,  a  source  eltii  a 

eoostsat  U^t  Intensity  In  bil  dlrectlas.  Let  us  return  to  iq.  (3) 

'  -  f 

of  ee  vlllvrite  down  the  expressim  for  It  in  Eq.  (1) 

*  ir*  *  iin*  «  •  , 


But  Since 


«e  get 


£' 


tinf  u' 


k 

And  since  ®> 

„  «B  »ln»  ii' 

F«=— ^-5-. 
to*»i 

(6) 

Bqatia  (6)  nay  seen  to  suggest  the  possibility  of  ctotainlng  an  Infinite  degree  of 
lllttBlaatia,  by  asseolng  u  -  l80*.  But  this  Is  clearly  contrary  to  oonmon  sense  and 
1,4  Pflcr  Isqwsslble.  Ihe  expression  for  B'  does  not  beoone  infinite,  but  rather 
indetemltfite,  since  both,  the  nuserator  and  denoalnator  ranish.  If  ve  analyse  this 
Indetemlwtuiess  by  nsans  of  the  eonrentlonal  nethods  of  wthesntlcal  analysis,  ne 
easily  see  that  £/=,2itB(^y, 


ubere  f  Is  the  focal  distance  of  the  system,  and  1  is  the  distance  betneen  it  and  the 
target.  TMs  value  cannot  be  very  great  since  the  ratio  f/l  is  alnays  snail.  In 
practice  there  Is  no  point  In  going  further  than  90  -  120*  for  the  ap.gle  u,  since  the 
size  of  the  nlrror  increases  rapidly  ulth  this  angle.  At  135*»  cos^  ■£  *  0.5,  and 
the  lllmlnatlon  B'  Is  double  shat  it  uould  be  If  the  source  radiated  the  sene 
bric^tness.  In  confoxnlty  ulth  Laihert's  lav. 


lkifairtuiat«ly,  all  point  fourcM  are  much  eeaker  liiaa  ares  (by  a  faetcn-  at 
20  •  ^  tiass)..  and  are  iberefcre  tsisnltable. 

-  8ee.  4,  Qeneral  conclmloas 

Ihe  NBagen^lkoler  equation  (5)  bhovs  tbat  for  a  glren  ll^t  sourbe  and  a 
ii^yen  target  llstsace,  the  owiy  aay  of  Increasing  the  lHunlmtlon  of  -Oie  target  Is 
to  Increase  the  transTnse  dlnenslens  of  ttie  pptlcal  sjsitm.  It  Is  not  difficult  to 
calculate  the  slse  of  -ttie  latter  required  to  produce  a  fairly  strong  effect,  let  us 
say  the  rspid  Ignition  of  easily  coshustible  objects  sudi  as  paper,  dry  wood  ai^  so  on. 

In  Seetlan  1  ve  say  that  a  aagalfying  glass  vlth  a  relatlre  aperture  of  ^ 
nc.yiess  than  lt2  produces  the  desired  effect^ prorlded  «e  use  the  sun  as  the  source. 
Vd^tlon  (4)  Shows  that  for  tbs  glTcn  source  the  angle  u*  detemliies  the  lUnslBatlon 
of  the  target.  Oms  we  com  to  the  only  possible  conclusion  >  an  optical  systen  bem' 
Ing  the  sun  onto  a  target  aust  be  such  that  the  dlaaeter  of  tho  aperture  Is  at  leas-c 
half  the  dlstence  to  the  target;  It  Is  only  In  this  ease  that  u*  has  the  eewe  value  as 


in  the  sapilfylng  glass  experiaent. 

Ihe  result  of  theoretical  calculations  is  conflraed  by  exp'^risvent.  In  1747 
the  French  naturalist  Bution  constructed  a  firing  derlce  consisting  of  l68  glass 
alrrors  6  inches  long  md  8  inches  vide,  arranged  so  hat  the  gaps  behreen  thee  vere 
not  w  loe^  than  1  ca.  The  alrrors  vere  attached  to  a  cosaon  fraae  which  tamed  In  all 


directions . 

In  addition,  each  alrror  had  Its  own  ftaae  so  that  It  could  be  rotated 

separately.  Hovosent  of  the  apparatus  aade  It  possible  to  concentrate  all  l68  imges 

of  the  sun  on  one  spot  and  set  fire  to  objects  at  a  conclderable  distance.  It  was 

possible  to  set  fire  to  resinous  pinevood  planks  at  a  distance  of  1^  feet.  Ihe 

foe  vs  ,  which  uas  a  drcular  inage  of  the  stn,  was  l6  Inches  in  dleneter;  It  took 

several  nlnutes  for  the  fire  to  get  going. 

It  Is  easy  to  calculate  that  all  buffon's  l68  airrors  were  equal  to  one 

large  mirror  vlth  an  area  of  ^.9  n^.  It  produced  an  Illumination  of  470  phots  at  a 

distance  of  47  m,  l.e.,  36  times  more  than  the  llluminatlcn  of  the  sm  on  the  eei(  1h. 

2  abls  To 

The  flux  attained  3  vatts  per  I  lea  of  surface  andw/is/  raise  the  tenperature 
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to  700*C.  An  oqulTnlMit  nlzror  noulA  b«  rltlblo  fr<M  Hio  target  at  an  angle  u'  *  3*. 

For  Inetantanooua  ignition  «e  require  an  llluBlnation  hua&reda  cf  tlaee 
greater,  henee  u'  nuet  be  30*  or  aore.  If  the  rasige  of  the  te«get  le  1  ka,  for 
enahple,  the  Alaaeter  of  the  optical  epetaa  baa  to  be  300  m.  Otaere  la  no  point  In 
atreaaing  hoe  fhntaatloally  diffieult  a  a^ataa  of  that  kind  vbuld  be]  the  poaaibillty 
of  conatmotlng  It  end  aettlng  It  In  action  In  full  rlev  of  the  eneesy  la  difficult  to 
Inaglne. 

But  let  ua  aujq^e  that  the  eneny  la  not  able  to  proTent  the  conatruBtioa 
of  a  mirror  1  -  2  km  In  diameter ,  and  that  it  la  carried  on  la  full  rlee  of  THem,  let 
ua  aay  a  fee  kllonetea  auay.  It  vould  not  be  at  all  dlfflc::lt  to  render  the  veapon 
baxmleaa.  All  that  need  be  vlone  la  to  paint  all  eaally  e:Auatible  objecta  of  relue 
White  as  canoe  them  ulth  almalnum  or  aoae  other  foil  aho  any  dangmr  of  a 
conflagration  la  p^orented*  Vhlte  palnta  reflects  70  to  96](  of  the  Inc  Heat  Inainoua 
energy,  and  the  portion  absorbed  conatltutea  no  danger. 

As  an  lllnatration,  ne  chose  the  am  as  the  ll|ht  aource;  althouc^  this  la 
possible  in  principle.  It  nould  reqiulre  additional  mobile  systems  congprislng  oolloaal 
dzrora  In  order  to  beam  the  Il^t  la  the  required  direction* 

All  other  conrenlent  eources  on  the  earth  are  less  bright  than 

the  sun?  to  Obtain  aay  perceptible  effect,  the  optical  sjatem  mould  bttre  to  be  even 
larger. 

Sec.  5.  Sources  of  heat  energy 

Leaving  aside  the  sun,  mhlch  is  hardly  suitable  as  a  source  In  view  of  Its 
SKivement  through  the  sky,  and  other  factors  (for  hsdance^the  ^Mslblllty  of 
at  nlgit  or  In  clooly  meather),  the  best  source  of  heat  rays  at  the  present  time  is 
a  hlf^  Intensity  arc,  the  brightness  of  vhich,  particularly  In  the  red  region  of  the 
spectron  (thermal  region).  Is  only  sligitly  Inferior  to  the  svm. 

Itader  labcratory  conditions  It  Is  passible  to  produce  brlgxtaess  uhich  Is 
even  greater,  for  exaaiple,  by  passing  cwreat  throu^^  a  thin  metal  mtref /^no  /  ,  ^ 
latter  burn  througi  mlth  a  flash,  the  brightness  of  mhlch  Is  muay  hundreds  of  tines 
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gr«at«r  ttam  12»t  of  Ibe  stn.  But  tbsM  flAdwi  only  iMt  for  a  few  hundred 
thoueandtha  of  a  eecond  and  tfae  enerf^  radiated  by  then  la  negll]|ilbla. 

In  recent  tlae  ^eat  progieaa  baa  been  adileYed  in  the  derelqpMnt  of  pulae 
tbbea^  In  whidi  a  flaah  la  prodnced  by  laatantaneoua  dlacfaargay  of  a  battery  of 
eondauaon  ^ilag  aevexal  adcroeeconda)‘'i5wiS^  cot®lea  nade  of  nereury  op  other 
elanenta .  Ihe  brlghtneaa  of  tfae  f laahea  la  aereral  hundred  tinea  greater  than  that 
of  the  aun.  But  alnce  the  dxiratlan  of  the  flaah  la  not  note  ihnn  a  few  nlcroaeconda 
and  the  effect  la  intarrupted  fpr  conparatlrely  long  perluda,  the  araragad  brl^htneea 
la  low,  and  the  aourcea  cannot  be  conaldered.  ini;ortaat  fron  the  point  of  Tlew  of 
oauaing  f  Irea  at  a  dlatr> ;  de  • 

Laat  but  not  leaat,  at  the  preeent  tine  nuCh  brl^tar  aourcea  of  ll|ht  are 
hnown  ^/atonic  a^id  hydrogen  bohb.  Butthe  latter  could  hardly  be  uaed  aa  Uf^t- 
aourcea  for  long-raaga  coadmatlon,  and,  furthemore,  they  perfom  the  taak  without 
the  need  for  optica,  ao  we  will  not  conaider  than  here  at  all. 

naturally  engineering  la  naking  big  atrldea  forward.  aourcea  now 

hare  aueh  practical  inpartanhe  that  a  great  deal  of  effort  and  noney  la  being  apent 
on  inprorlng  then.  Bewertheleaa ,  when  we  calculate  the  brl^tneea  required  for  the 
idea  of  longHrange  cotfniatloD  to  nore  beyond  the  realn  of  fUntaay  and  beoone  a 
practical  poeaibillty,  we  arriwe  at  concluBiono  which  Inventore  will  find  depreselng. 
It  can  be  aieuned  that  an  optical  syeten  cf  the  eearchllihb  type  ia  the  abeolute 
limit  from  the  point  of  view  of  eiae,  elnce  otherwiae  the  caanWfdagLng  of  a  huge 
piece  of  appanitua  beconee  too  conplicated.,  eapecially  nhen  it  it  conaldered  that  tfae 
prealees  of  the  problen  nake  It  neceaeary  for  the  apparatue  to  be  wlalble  on  the 
enenjr  side  (at  ilee  It  will  not  work). 

At  this  Juncture  we  should  turn  out  attention  to  a  fact  which  night  nake  It 
possible  to  increase  the  elenent  of  surpriee,  namely,  the  elininatlon  of  the 
effect  of  the  apparatus  during  opexation  by  placiiig  in  the  path  of  the  rays  a  filter 
whidx  absorbs  the  visible  aeys,  but  lete  throuih  the  moat  effective  Infra  iwd  partion 
of  the  ImlnouB  energy. 

Assuming  the  dlaneter  of  the  optical  syeten  to  be  2  m  and  the  range  of  the 


target  1  te  (prorldal  the  aforeaentlaiied.  llluelaatloii  le  produced  on  the  target  (p.  30)) 
tw  vlU  here  to  inteneli^  the  brli^tneoe  of  the  aource  by  the  equare  of  the  dlweeter 
ratio  (500/2)^,  l.e.,  by  a  factor  of  (250)^  or  60,000l 

Ihe  erl-tor  vonl  like  to  feel  that  ha  taae  been  able  to  convince  readera  of 
the  Inpoealbillty/or  aolUng  the  prchleai  of  eettiag  fire  to  dletant  objecta  by  eeaiw 
of  optical  ayeteea  .  The  oethode  of  calculation  aet  forth 

above  are  ao  general  and  eo  alnple  that  to  doubt  them  vould  be  to  doubt  the  funda- 
aentale  of  nature. 

Hevertheleae,  the  more  skeptical  raaders/)^^/  etlll  find  several  loopholes 
ihldi  leave  hope  that  the  fsneral  Invs  can  be  either  got  round  or^^naldezeble 
can  be  brou^t  about.  The  folloving  section  la  intended  for  these 

readers. 

Sec.  6.  Linlte  of  accuracy  In  calculatlna  lllmlnatlon 
Ihere  is  no  dotht  that  the  earlier  derived  equations  are  not  exactly 
accurate.  They  alnoat  altpays  give  an  exaggerated  lllunlnatlon.  For  purposea  of 
ahapllficatlon  ve  disregarded  a  nuaber  of  factora  causing  energy  Iceaea.  Ve  aade 
only  very  brief  oentlon  of  losses  occurring  vhan  rays  pass  throu^  an  optical  sytten 
and  throu^  the  atisosphere  filling  the  space  betveen  the  source  and  targst.  These 
losses  nay  easily  be  as  much  as  40  -  60J(  or  sore  of  the  total  useful  enerf^. 

But  let  vm  look  at  dher  factors  vhlch  In  sons  vay  or  other  effect  the 
validity  of  the  target  lllunlnatlon  calculation.  We  have  only  considered  tvo  types 
of  sources  -  point  sources  and  those  conforming  to  the  lasher t  lav.  What  about  other 
sources?  Is  It  poaslble  to  Obtain  more  favorable  results  vlth  particular  emission 
lavs?  If  ve  take  B  to  be  the  maxlmw  brl^tneas  of  the  source,  then  It  Is  obvious 
that  no  distribution  of  source  brl^tnees  can  give  hlf^er  values  tban  those  produced 
by  point  aOurcea.  Hence  ve  should  not  atrlve  for  a  particular  distribution  of 
brlihbnesa  on  all  sides,  but  aerti.y  fairly  brifhb  sources. 

IQxe  aberration  aometlass  gives  rise  to  hope  that  the  lllunlnatlon  produced 
by  these  syntema  can  be  Increased.  There  is  no  point  here  in  smklng  a  detailed 
analyala  of  aberration;  basically  speaking,  it  means  that  rays  tramlllng  from  a  point 
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on  an  objeot  after  emergence  from  an  optical  system  do  not  gather  strictly  at 
one  pointy  but  rather  in  a  slightly  dispersed  configuration.  Examples  of  this 
are  intersections  by  the  focal  plane^  of  light  beams  refracted  by  optical  systems^ 
which  are  emitted  by  points  lying  off  the  optical  axes  of  the  system  when  the 
latter  is  bl\irred  or  astigmatic!  these  are  shown  in  Figure  8. 

Aberrations  are  a  vertible  scourge  for  optical  Instruments.  The  need  to 
covoiteraot  them  had  made  the  calculation  of  the  Instruments  a  complex,  boring 
Job  and  has  given  birth  to  a  new,  rather  specialized  branch  of  opt5,os.  But,  as 
always,  every  harmful  effect  (even  aberra-*-ion)  can  under  certain  circumstances 
be  turned  into  something  useful. 

Generally  speaking,  the  presence  of  aberrations  increases  the  dispersion. 

of  the  rays  conforming  to  the  laws  of  geometrical  optics  and  reduces  the  ilium- 

/  / 

ination  as  determined  from  the  equations  considered  above .11  In  certain  oases  the 
aberration  caused  redistribution  of  the  energy  in  the  plane  of  the  image  and 
may  causa  a  certain  concentration  in  the  center  through  reduction  at  the  edges. 

We  have  an  example  of  this  compression  in  parabolic  searchlights.  Let  AOB 
(Pigiure  9)  be  a  section  of  the  reflecting  surface  of  a  parabolic  mirror,  and  let 
S  be  a  point  source  of  light  in  the  focal  plane  at  a  distance  1  from  the  axis. 
Calculations  show  that  the  marginal  rays  SAA*  and  SBB*  form  a  smaller  angle  with 
the  axis  after  reflection  from  the  mirror  than  does  the  central  ray  SOO',  which 
is  propagated  in  oooordance  with  the  laws  of  paraxial  optics  (the  angle  S00-|^  is 
eqwal  to  the  angle  FOO').  Despite  this  oonoentration  of  rays  at  the  center  of  the 
image  at  infinity,  however,  the  illumination  in  the  center  of  the  image,  as  shown 
by  ohleulation,  is  not  greater  than  it  would  have  been  in  an  ideal  system. 

There  is  one  more  phenomenon  associated  with  the  propagation  of  light  which 
may  raise  the  spirits  of  those  seeking  new  ways  of  concentrating  light  rays. 

It  is  the  defraction  of  rays  by  an  optical  system.  We  will  come  back  to  this 
phenomenon  laterf  it  is  considered  in  detail  in  Chapter  IV, 

Suffice  it  to  say  at  this  point  that  the  result  of  defraction  is  a  certain 


ra&litributloli  of  Imtaotts  energy  in  the  been,  but  of  a  different  wtnre  to 

Ihe  redistrlbutlan  due  to  aberration.  It  nay  reduce  the  barnful  effect  of  aberration, 
Ihoui^  It  nay  not  be  In  a  poaltlon  to  Inrrcnre  the  lHuoalnatlon  derlyed  by  general 
equatlone.  Hoeerer,  eren  ^le  beneficial  effect  by  defxactlon  nay  only  ahov  up  In 
the  caae  of  extremly  anail  and  therefore  lowpovered  light  saaree.  In  the  existing 
■ourcea,  the  dlnenslona  of  ihlCh  are  fairly  large  conpared  ullh  the  focal  distance  rjf 
the  projecting  syaten,  the  redistribution  of  the  llf^t  Is  coopleteiy  ellnlnated  by  the 
si^rlnposltlon  of  Inagss  of  individual  points  on  the  source. 

A  great  maher  of  physical  phenomena,  apart  froa  those  smntloned,  nay 
possibly  be  evnmoned  to  the  Investl^tar's  assistance  In  order  to  so  Ire  the  problem 
In  guestlon.  But  It  nust  be  taken  Into  account  that  none  of  them  can  play  anythis^ 
but  a  subsidiary,  side  role;  the  nost  Important  phenomena  for  the  gtren  case  are,  of 
course,  the  propaipktlan  of  Ivmlnons  energy  In  accordance  vlth  the  Ians  of  optics  and 
phot(matry.  Ihey,  and  they  alone,  can  unlguely  solve  the  problons  facing  us,  and  as 
ee  have  seen,  leave  no  hope  of  the  possibility  of  using  optloal  systems  situated 
a  Ions  may  from  the  target  to  bilRg  about  any  groat  degree  of  heating  la  the  latter . 

It  ehould  be  kept  in  mlad  that  theae  conclusions  follow  directly  from  the 
general  law  of  phyalct,  auch  aa  the  principle  of  the  oonservatlA  of  energy;  hence 
their  rellehlllty  Is  not  Inferior  to  that  of  this  Indisputable  principle.  Ihe  time 
has  not  yet  arrived  for  long-range  coabustlon  wd  w  can  only  hope  that  It  ulll  new 
cone  sinoe  the  need  to  cause  conflagxationa  In  peace  tine  is  ualsaginable. 


Fig.  9*  Concentration  of  rays  at  center  of  parabolic  nlnror. 
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OPTICAL  Hnffi 
S»ctiott  1,  IntroAnctlop 

Spedallsta  in  optics  often  hftTS  occMioa  to  dssl  vlth  sugisttiaiis  for  ihe 
csleulstlon  or  Assisi  cf  optiesl  spstsas  BSstiBg  certain  resilrenents,  ihe  MnuPactore 
at  shldi  is  heycnA  the  possibilities  of  optics*.  Hence  among  our  scientific 
intelUfMitsla,  even  eaong  recosilseA  specialists,  th^'re  is  often  a  lack  of  clear 
understanding  on  diat  can  be  expected  from  optical  systems .  This  lack  of  understanding 
is  basically  due  to  an  exroname  impression,  ihidi  can  be  fcrmulated  in  the  folloeiag 
says  optloal  systems  enable  a  beaa#*  of  any  structure  to  be  converted  into  another 
beam  of  any,  preordained  structure. 

It  should  be  pointed  out  that  the  link  betueen  Ihe  given  leoblem  and  this 
general  asstaapbion  is  so  deeply  concealed  that  bolh  Ihe  poser  of  the  problem  and  the 
specialist  in'^optics  called  upon  to  solve  it  fall  to  observe  ir,  Ihe  optical 
designer  gropes  for  a  solution,  pllea  lens  upon  Ians  and  prism  upon  prism,  breaks  np 
the  besms  and  splits  asunder,  mastec  lots  oif  time  and  finally  comes  to  the 
conclusion  that  the  prchlem  la  Insoluble. 

Let  us  consider  in  greater  detail  vhy  the  concept  foriiAilatod  above  is  vrong. 
Let  us  agree  to  take  ihe  texa  ’’beam”  to  mean  Ihe  ibllouing  (keeping  in  mind  the  fact 
ve  are  dealing  ullh  applleb.  optics  and  cases  encountered  in  practice,  me  mill  ks«p  to 
the  narrover  definition).  A  beam  of  rays  la  Ihe  sue  total  of  Ihe  rays  filling  all 
cones,  the  apeces  of  uhich  lie  on  Ihe  surface  of  ihe  llj^t  source  (or  its  image)  and 


« - - - 

In  this  chapter  ue  mill  not  touch  on  a  number  of  subtler  prchlsms  inTolvlng  Ihe 
theory  of  aberration  -  a  difficult  branch  of  geometric  optics.  This  mill  be  dealt 
vlth  in  greater  detail  in  Cbaptar  T9,  Section  9* 

It  vlll  be  explained  in  more  detail  vbat  the  term  "been"  meena  further  on. 
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(p zee/ 17^  fopiL-  J 

Hbm  bMc  at  «hidi  i»  12m  tNTM*ice/of  12m  optical  aysi^.  Ihli  Is  ftlfferant 

froB  12i«  eoxK«pt  adopted  in  an12waatlcaj  In  12m  glran  cate  tSia  baan  la  an  OMsegf 
earrlar  and  liMrnfora  poaaaaaaa,  aa  «a  l»Te  aaian  in  CSbaptar  I,  a  certain  power  (or 
flux),  detemined  in  the  eaae  of  aa  elaaentary  beoa  by  the  product 

®=Bscose  •  II). 

Eq;uation  (7)  vill  aoon  be  needed.  FurliienMre,  an  ijaportant  part  is  played 

"t 

by  12m  Lagaaa0a4te]aliolB  ]*«  ehidi  «e  hare  already  com  acroaa  {page  2k) 

A 

n/ sin  «  =  «'/' sin 

and  ehich  in  the  caaea  of  intexeat  to  ue,  ubere  n  *  nS  it  takea  12m  acre  aiaple  fora 

/sin«  =  /'8intt'. 

I«t  ua  txeaafoxa  12iia  equatioa.  Let  ua  aqwre  bo12i  aidea 

/*sin*«  =  /'*sin*«', 

ahere  ia  the  area  of  the  aquare,  Ibe  length  of  one  aide  of  which  la  1,  and  1'^ 
la  the  area  of  12m  aquare  laage  of  tiM  foxMr.  But  thla  equation  can  be  genarallaed 
by  vritlng  It,  In  the  form 

ssin*ii=ss'sih*«',  (8) 

where  a  and  a'  are  two  adjoining  areae.  If  the  aaglea  u  and  u'  are  aaall,  ain^ 
and  ala^  u*  can  be  replaced  by  the  conjugate  aolld  anglee  ^  and  co',  l.e..  Urn 
aoUd  aaglea  boudlag  12m  conjuc^te  beaae.  ^ia  f omnia  can  then  be  written  in  the 
aijipie  form 

im  *=  jfm'. 

(9) 

then  we  ga'Wt  12m  proof  of  thla  lav,  It  waa  aaauBMd  12Mt  1  and  1'  related  to 
the  aa0iltude  of  12m  object  and  laMge.  FurliMmore,  12m  proof  ai|2^t  bare  given  12m 
lapreaalon  12Mt  12m  lagraage-Haljdiola  lav  ia  only  valid  for  conventional  optical  ayateae 

A 

poaaeaalng  an  axla  of  aymetry  and  cbeyiag  12m  lava  of  paraxial  optica;  la  other 
vorda,  CMM-ahaped  and  alallar-type  aurfacea  are  ruled  out. 

h 

In  actual  fact,  t2M  lagzeage-Belaho^  lav,  Isaaauch  aa  It  expreaaea  ^e 
conaervatlon  of  energy,  la  of  aore  general  iaq^ortance  aal  can  be  expreeaed  aa  followa. 

Let  ua  laaglne  a  bean  of  ll|^t  delineatea  aa  area  a  on  a  plane  perpendicular 
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to  Hi*  boMi  axltf  oni  that  all  tiia  ray*  la  Ilia  baan  axe  bouadad.  by  "ttia  aolid.  angle 
■H 

;  the  prodaeta  la  than  conataat  along  -the  entire  baaa  la  aay  Medlii  aad  la 

any  eyataa*  Oiia  principle,  abieh  can  be  conalAered  aa  a  genera llaatlon  of  the 
lagraage>^laho]^  law,  holda  for  aaall  a  and  $  .  If  the  flrat  and  aecoffi  aedla  are 
identical,  ve  can  erlte  doan  thaeiuallty 


Sw  =  s'w'. 


(9a) 


But  aa  diatlnet  froai  Eq.  (9)>  a  and  a*  in  thla  caae  are  not  optically 


coujuf^te  areaa,  and  the  optical  ayatega  aay  be  of  any  dealgn. 

Bquatlooa  (7)  and  (9)  prove  the  lapoaaiblllty  of  thoae  very  alluring  and, 
aa  aeay  people  think,  eaaily  attainable  alaa . 

Sec.  2,  "ftirallel”  Beaae 

What  traaendoua  poeaibllltiea  are  proedaed  by  the  very  exlatence  of  parallel 


beana  eren  thouc^  they  aay  carry  a  very  aaall  amount  of  energyl  By  aeaaa  of 
teleacople  ayatena  (for  lnataBce,aat^'aromical  teleacopea)  it  ahould  be  poaalble  to 
concentrate  them  into  needle>aharp  beeaa  end  thereby  aolve  the  problem  of  cbahuatlon 


from  e  dlatance.  A  alapllfled  optical  ayetem  of  thla  kind  la  ahoim  in  Pig.  10,  in 
ahlch,  by  means  of  three  teleacople  ayateese  a  parallel  beam  can  be  tieaafonaed  Into 
a  "needle”.  Thla  la  ho#  many  Inrentora  solve  the  problem  (in  principle),  among 
othera  the  hero  in  A .  Tolstoy's  vell-knovn  adventure  etory  "llhe  Hyperboloid  of 
Bngiheer  Qarin".  A  great  deal  is  said  about  parallel  rays  In  books  on  optics;  the 
rays  play  a  prominent  part  In  ewlsnations  of  the  properties  of  optical  eyatems  to 
such  a  degree  that  the  ezistence  of  s^ch  beams  uxider  actual  conditions  amy  not  be 
questioned  at  first  slc^t. 

Where,  then,  is  the  error? 

Ihere  are  tvo  errors ,  and  they  are  f uodamental  ones :  firsts'  parallel  rays 
do  not  exist,  second,  etten  if  they  did,  they  could  not  carry  any  energy. 


aw6  mifreb 

Fig.  10.  One  of  the  for  "long-range  coahustion  nadxlnes". 
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we  all  knov  that  to  dbtala  a  jarallal  beam,  ve  hare  to  place  r/i^srltaijiioi;^ 
point  la  13ie  focus  of  an  optical  systma.  But  to  do  -Oiis,  ue  have  to  observe  three 
cQBdltioiis,  vhlch  are  not  Realizable  to  sa  equal  extent. 

1.  !lhe  vue  of  a  liadnous  point  vilhout  dimensions  as  the  source.  Such 
sources  only  exist  in  textbodks,  liiaui^,  adbslttedly,  to  a  prolific  extent;  1hey  aze 
required  for  simplification  of  calculations.  Utader  aclxml  conditions  lixere  can  be 
no  energy  radiator  ehlch  does  not  possess  definite  dimensions,  althou^  they  wy  be 
very  snail. 

2.  The  existence  of  ideal  optical  systems,  i.e.,  those  vhlch  do  not  edxlblt 
aberration.  There  are  no  such  systems,  noc  can  they  ever  be  manufactured. 

3.  The  absence  of  dSYraction.  DSYraction  cannot  be  completely  ellmiaated 


taider  any  clrcusstaaces . 

Thus,  the  very  existence  of  parallel  beems  is  totally  larposslble.  Topis^eiL 
la  readers  of  all  final  doiibt,  let  us  ask  one  further  question:  is  it  possible  to 

ccnqpensate  for  the  finite  dimensions  of  the  energy  source  by  means  of  the  abberatlons, 
or  by  utilising  diffraction^ in  order  to  restore  the  parallel  beam?  It  is  easy  to 
shoe  that  this  eanvensatlan  la  not  possible.  It  the  point  source  diffuses  the  li|^t 
to  a  slight  extent  on  account  of  aberration  and  d  fraction,  finite  dimensions  of  the 
source  can  only  Increase  it,  but  cannot  in  any  say  reduce  it. 

Let  us  nov  prove  that  had  it  even  been  possible  to  produce  a  parallel  beam 
of  rays,  the  beam  could  not  have  carried  any  energy. 

At  first  si^t  this  nay  seem  odd  since  the  analogy  of  a  stream  of  liquid 
flovlng  throu#  a  cylindrical  tube  and  possessing  energy  Ineritably  cones  to  mind. 

But  this  is  merely  a  play  on  vords,  and  not  an  analogy.  A  stream  of  lij^t  is 
determined  by  ^q.  (7)  or  modifications  of  it.  If  the  zays  in  the  beam  are  fazallel, 
then  l)  s  *  0  and  2)  ^  ™  0.  Consequently,  $  «  0  and  the  power  of  the  beam  is 
eqiml  to  aero.  Thuf,  parallel  beams  are  pure  fiction. 


Sec.  3.  "Concentrating  Cone" 


When  deslgiing  different  instruments,  in  particular,  recording  deuces. 


designers  have  to  solve  the  prdblem  of  the  maximum  possible  concentration  of  luminous 
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or  boat  eaergy.  After  ouiBroue  atteapti  It  Is  found  that  Ah  coidblnatlon  of  the 
conTeatioiial  optical  systeus  produces  the  required  effect.  Ihegr  ^an  resort  to 
y  optical  systass  of  a  special  kind  uhlch  do  not  produce  laages .  Ohe  distinguishing 
feature  of  the  systems  Is  the  fact  that  there  &re  either  no  planes  at  all  tangential 
to  the  surface  of  rotation  on  the  axis  of  the  system,  at  there  Is  an  Infinite  ntimber 
of  than;  an  exMvIa  of  this  system  Is  the  reflecting  cone  (Fig.  11),  uhose  axis  of 
symsetry  00'  is  the  axis  of  the  system  as  veil.  A  beam  of  rays  Impinging  upcn  the 
base  of  the  cone  0  imdergoeei  multiple  reflection  and  erentually  emerges  through  the 
bpenlng  O',  shlch  nay  be  as  ssimll  as  required;  this  system  Indeed  so  Ires  the  problem, 
or  at  least  It  does  at  first  slgh^* 

We  need  only  trace  the  course  of  the  ray,  however,  to  see  (Fig.  12)  that 
with  every  reflection  the  ray  slows  down,  after  which  It  begins  to  turn  round  and 
finally  emerges  through  the  base  0.  A  very  small  nimher  of  rays  rea^  O'  and 
emerge  from  It;  here,  the  smaller  the  opening,  the  less  the  power  of  the  emerging 
ray.  The  equation  detemlnlng  the  power  reamlns  valid,  of  course,  as  can  be  shown 
In  greater  detaOL,  thouih  th^  operation  Is  rather  laborious. 

It  should  be  pointed  out  that  the  use  of  "concentrating  cones"  Is  advisable 
In  certain  cases,  for  example,  ihenever  TM£*fe use  does  not  conflict  with  the 
generalised  Iagrange>^lmho^  law.  Let  us  assuDM  that  the  area  of  the  opening  0 
Is  equal  to  a  aal  that  the  area  of  the  opening  0 '  Is  equal  to  a ' .  Let  ^  be  the 
plane  angle  of  the  solid  angle  CO  ,  and  let  6  be  the  plane  angle  of  the  solid 

f 

angle  iO  of  the  bean  eawrglng  from  the  cone  and  reaching  the  area  s'.  We  get 

S8in*6  =  r'8in'6'. 

Let  the  plane  angle  at  the  apex  of  the  cone  be  equal  to  ^ .  Unless  6^  Is 
larger  than  (}  ,  the  beam  reaches  the  area  s'.  Hence  the  condition  ensuring,  when 
fulfilled,  that  theren^At.  which  enters  the  cone  also  emerges  from  It,  can 

be  written  as  follows 

8in*8<!-i^,  hah  sln6<y' ^8inp. 

It  should  be  pointed  out  that  the  problem  considered  here  Is  In  fact  a 
partial  imise  of  a  more  general  problem,  namely:  the  passage  of  a  certain  amorBSt  of 
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Iwiaout  energy  a  given  Ilc^t  aouree  throng  an  opening  of  given  alie 

vhen  l^re  la  an  arbitrary  optical  ayatem  In  the  path  of  -the  bean.  Ihfta  problem 
vlll  be  conaldered  In  grea-ter  de-tall  2a ter  on  (Sec.  7  In  thla  diapter);  here  ve  -vlll 
merely  aay  -that  the  aolntlon  of  all  problama  of  -thla  type  la  baaed  on  Eq.  (9): 

$m  =  s'®', 

l.e.,  the  product  of  the  aouree  area  (or  Its  InagB)  and  the  aolid  angle  (divergence 
of  beem  radla-ted  by  Ihla  area  or  foxmdng  -the  image)  la  a  conataat  -value.  Ihe  amaller 
-the  Image j  the  greater  -the  aolid  angle. 


Fig.  11.  "Concentrating  cone”. 


Fig.  12.  Path  of  -the  ray  Inalde  a  meridional  croen-eection  of  the 
"Concentrating  cone" . 


Sec 4  4.  Problem  of  optical  Intenalflcatlon  in  all 
dlrec-tloiaa 

Let  ua  aaa\aH  that  a  bedy  (a  ahlp  or  an  airplane)  la  aendlng  out  vlalble 
or  In-vlalble  (infM-red)  raya.  It  mould  be  of  great  Intereat  to  be  able  to  detect 
theae  raya,  no  matter  in  ihldi  direction  the  emitter  la  radiating  them  vlth  reapect 


to  -the  dbaerver 


81nc«  -Um  emitter  is  a  long  distance  asay,  the  slgoals  from  it  are  veak  and 
hate  to  be  aaqpllfled.  Ihls  prtelsn  is  neatly  solred  by  an  optical  systen  of  the 
simple  spyglass  type  (Fig.  13)^^'^iet  0^  be  the  obJectlTe,  0^  be  tee  eyepiece  and  P 

be  tee  EXIT  popiL  at  the  system,  i.e.,  the  Image  of  tee  obJectiTe  produced  ty  tee 
eyepiece,  tee  recelelng  derlce  (for  exasp^^,  a  photo  cell  or  a  thermo-element) 
is  positioned  so  teat  tee  Uc^t-aensltiTe  (heat-sensitive)  layer  coincides  vite 
tee  pup  It.  Let  us  assrsM  that  tee  telescopic  sjetem  0^0^  produces  an  angular 

Id' 

enlargnent  7^*”  ^  •  As  is  eAl  knovn,  in  telescopic  sjatems,  tee  linear  enlarge¬ 
ment  is  cansteat  and^e  reciprocal  of  the  angular  enlargement.  Hemce  tee  diameter 
of  tee  exit  pofiiLiM  ^  smaller  team  that  of  the  cbjective.  All  tee  energy  strlklx« 
the  ohjectlve  0^,  next  strikes  the  pupii.  P,  but  is  concentrated  over  an  area 

y  times  asallsr  than  tee  area  of  tee  objective.  Uve  dlsre^d  losses  Inside  tee 
optical  system,  it  can  be  eald  teat  tee  receivinpi  element  gets  J  times  mere  energy 
teat  it  mould  do,  had  teere  been  no  optical  system.  It  Is  conventional  to  sar  teat 
tee  latter  ampllfle  •“f  tlmea.  Ihis  is  a  rare  case  in  mhldi  an  optical  system 
proves  useful  vhen  not  being  used  for  its  Immediate  purpose.  Hovevar,  having  been 
put  on  our  guard  by  previoUi  experience,  me  feel  teat  me  mill  certainly'  have  to  pey 
in  aome  may  or  oteer  for  tee  benefit  derived,  tee  solution  to  this  problsm  must 
obviously  be  eouc^t  in  tee  proper'U.ee  of  teleecoplc  systems^ associated  mite  enlarge¬ 
ment. 

In  our  case  everything  teat  me  have  cs^ined  in  amplification  Is  due  to  anoteer, 
hlf^ly  Important  property  of  tee  system,  namely,  the  angle  of  the  field  of  visloa. 
tels  fcoirollary  of  the  lagrange^elmho^  lam,  the  lam  restricting  the  poe^lbilltlae 
of  optical  syetems  in  relation  to  the  freedom  of  conversion  of  light  beeam.  Wlteout 

sc  ■rj2-4  ?  ,  . 

amplification  tee  acceptance  angle  (the  angle  of  field  of  vision)  of  tee  receiving 
elssient,  i.e.,  the  angle  at  tee  eode, inside  vhich  the  sigoals  act  on  tee  receiving 
element,  is  very  large  and  theoretically  close  to  l60*,  slteoue^  practice  it  may 
be  much  less. 

Aa  soon  as  me  put  an  optical  aqplifier  in  front  of  tee  receiving  element. 


-Oie  angl*  it  greatly  reduced.  Obe  eagle  fonwd  by  the  axle  of  rayi  canerglng  fTon 
the  eyepiece  caa  not  be  greater  than  90*,  even  la  theory;  In  practice  there  have  not 
been  eo  far  any  eyeptaeea  in  ^Ich  the  engle  uae  greater  than  4$*,  aM  hi^ly  complex 
eyeplecee  greatly  abeoTb  Ii|^t,to  boot.  %iilng  elapler  maane ,  ve  can  attain  anglea 
of  30  or  35*.  Let  ue  uae  2u  to  deelgaate  the  angle  at  field  of  vision  of  the  optical 
aystam,  l.e.,  the  angle  formed  by  the  axle  of  rays  passing  throned  the  optLcal 
system.  It  li!P  detarndned  by  the  lagrange^lahola  lav 


froi  vhlch 


t  sin  s=  /  sin  u 


iln «  /' _ 

^ 

( 

sinM  =  - 


1  _  1 
■i  “yr  ’ 


!aie  greateat  poaslble  angle  i*  obtained  vhenever  u’  -  90*  and  sin  u^l. 


Hence  ve  get 


.sin  , 


But  in  practice  ve  ahould  aaeisse  u*  *  35*,  and  then 


For  example,  vhen  ampllfylag  f 100,  ve  get  sin  «  0.07  and  -  8*, 


Ohe  requlresMnt  that  the  optical  system  should  eihibit  both  large  saipllf  1- 


oatloa  and  a  large  field  of  vision  at  the  same  time  (in  one  receiving  device)  is 
absolutel^r  out  of  the  question,  do  matter  hoe  cleverly  ve  susaLE  w  trn  Ohe"^ 
different  optical  parts,  it  is  no  use.  Even  attempts  to  xiOce  the  optical  system 
vork  "ih  paxallel",  l.e..  Independently,  but  in  such  a  vay  that  the  radiant  energy 


Is  directed  onto  the 


receiver,  are  useless.  It  Is  easy  to  prove  that  the 


optical  systems  here  darken  each  other .  The  task  la  beyond  the  power  of  optical 
systems. 
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Flg«  13.  BKth  of  r&ya  In  a  telescopic  systos. 


Sec.  5.  fliotoarsphlc  cfejectlve  sllii  relative  aperture 
CTsater  than  ltO.5 

Despite  the  fact  that  ve  are  no!;  dealing  In  this  dispter  vith  the  restrictions 
Intposed  on  optical  systssM  by  aberrations,  vhich  vould  distract  us  fron  Ihe  general 
prlaelplss  of  optics  and  leare  us  to  flounder  in  the  theory  of  calculations,  se  can 
not  pass  orer  a  restriction  lm\osed  upon  the  speed  of  photographic  and  projection 
lenses  by  nature  Itself.  It  Is  associated  with  the  theory  of  aberration  byjseans 
of  a  slaple,  Tery  general  relationship  producing  an  extrenely  i^ortent  and 
erldently  llttle-knosn  result:  the  relative  aperture  of  photographic  and  projected 
lenses  cannot  be  greater  than  1:0.5. 

This  follows  from  the  so-called  sine  condition,  uhlefa  oust  be  satisfied  If 
us  are  to  obtain  ^  good  Inage  in  the  middle  of  the  photographs,  or  screen  onto  which 
the  picture  is  projected.  She  condition  Is  written  as  follows; 

.  k 

8mu=y, 

where  h  Is  the  heli^t  at  which  the  ray  intersects  with  the  popiL  of  the 

dbJectlTe,  u  Is  the  angle  between  the  ray  and  the  axis  after  refraction  (tan  u 
sin  u  on  account  of  the  smallness  of  the  angle  u),  and  f  is  the  focal  distance  of 
the  objective  (fig.  1^). 

Since  sin  u  cannot  be  greater  than  unity,  h  ^f,  and  since  the  relative 
aperture  Is  the  ratio  2h/f,  the  sine  condition  implies  the  above -fomulated  premise. 
In  certain  instances  this  limit  Is  practically  attalxMd. 

There  is,  however,  a  method  of  going  even  further } ^yc  using  epEC/ott  fluids, 
into  idxidx  the  ll^t -sensitive  material  Is  Immersed.  Here  the  relative  aperture  la 
increased  n  times,  where  n  Is  the  refractive  Index  of  the  immersion  fluid.  Tt  diould 


T 

4. 


be  pointed  out  lhat  llie  objective  should  be  calculated  vlth  specific  consideration 

I 

for  Ihe  effect  of  lasMrslcnt  mBarston  objectives  are  now  used  In  spectroscopj. 

To  avoid  confusion,  ee  should  explain  Ihe  slluatlon  further. 


Fig.  l4.  Sine  condition 

The  lapoeslblllty  of  oaklng  Objectives  uLlfa  a  relative  aperture  greater 
than  1:0.3,  (ihen  the  ll^t«eensitlve  layer  la  In  the  air),  only  applies  to 
objectives  >dilcfa  have  been  corrected  for  aberration  at  non-axlal  points  -  sudi  as 
all  photographic  lenses.  But  there  is  a  whole  croud  of  hifh-jgvade  optical  systeias 
eilh  a  Buch  greater  relative  aperature,  for  exaaple  l:l/?  or  3:1;  3:1  or  even 
larger.  Exas^les  of  these  ere  parabolic  mirrors  searchlights ,  Fresnel  lenses 
for  llgjithouses  and  certain  condenser  systems.  Ilhese  systesis  only  require  that 
the  parallel  beams  are  ^thered  strictly  at  one  point,  or,  conrersely,  that  the  rays 
proceeding  frcn  a  point  source  should  emerge  as  a  parallel  beam.  What  happens  to 
neighboring  points  is  of  no  practical  interest.  Indeed,  it  can  be  proved  that  all 
the  systems  eniinexated  above  e^dilblt  tremendous  cosm  and/ absolutely  useless  for 
photogp^aphlng  objects  vhen  the  angular  dimensions  are  to  any  extent  different  from 
sero. 

Thus,  the  restriction  which  we  encounter  here  Is  of  a  special  mtwe.  It  la 
hie  to  the  need  to  represent  correctly  a  smell  area,  and  not  a  point.  This  condltlan 
In  fact  detezBlnes  the  upper  limit  of  the  relative  aperature. 

Sec.  6.  Conversion  of  diffused  ll^t  Into  beamed  llsfat 

In  most  ^]B6^ous  spheres  of  application  of  optics  we  deal  with  llg^t  sources 
emlttiLi^  diffused  Ug^t.  If  these  sources  are  weak,  we  natucally  try  to  alter  the 
radiation  in  stash  a  way  as  to  Increase  It  In  one  direction  and  reduce  It  In  another. 
Sud:  sources  are  the  fluorescent  scroens  used  In  television,  fluoroscopy  and 
radiography.  It  Is  Just  as  tempting  to  Increase  the  brl^tness  of  objects  projected 
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onto  a  icre«n  'by  epltooplc  darlces  aHh  the  objecte  are  Illuminated  by  outside 
Repuecna/V  is  V»» , 

sources  and  th£/'  fbme  extent  diffuse:  ,  and  tiherefore  losfWl^tness. 

If  It  uwe  possible  to  gaiixer  diffused  ll^t  vlth  an  optical  system  and 
beam  it  at  a  certain  folld  angle,,  the  problem  vould  be  solfped.  And  It  has  Indeed 
been  suggested  on  many  occasions  that  tiie  diffusely-radiating  surface  should  be 
corered  vlth  a  netvork  of  microscopic  lenses  In  the  hope  that  the  latter  vould 
gather  the  dispersed  rays  into  a  narrow  brlj^t  beam. 

Fropoeala  of  this  kind  are  natural  and  understandable.  On  the  one  hand, 

they  are  due  to  analogy  with  certain  screens  whldip^iblt  directed  brlc^tness,  l.e., 
AJcsr  Cf  lUK 

which  reflectfrEcldent  light  energy  within  a  comparatively  mrrcm 

solid  angle,  and,  on  the  other  hand,  as  in  o'&er  Inventions  in  the  field  of  optics, 
a  certain  part  has  been  played  by  the  adjective  "converging"  imitually  associated 
with  the  word  "lens"  and  giving  a  completely  wrong  Idea  of  Its  effect.  The  action 
of  a  Ians  of  this  kind  is  usually  represented  as  hhown  In  Fig.  1^  and  gives  the 
Impression  that  after  refraction  the  rays  emerge  In  narrow  "directed"  beams. 

Iff,  'tt* 

Let  us  define  the  words  "ideally  diffusing"  and  "directed"  more  accurately, 
Mnce  there  Is  certain  confusion  on  this  score. 

An  Ideally  diffusing  source  Is  one  In  ihich  each  point  obeys  .  Lasbertr 
lav,  l.e..  It  radiates  with  eq\ml  brl^tness  In  all  directions;  furthermore,  the 
brightness  on  all  points  on  the  surface  Is  the  same.  If  the  surface  of  the  source 
does  not  <bey  this  law,  the  beast  is  directed.  The  more  rapid  the  fall  lii  brl^tness 
as  the  angle  between  the  direction  of  the  ray  and  the  normal  to  the  surface  at  the 
given  point  Increasea,  so  the  greater  the  directivity. 

In  the  problem  of  directivity  of  beams,  a  hl^ly  Important,  If  not^rinclpal 
feature  la  the  size  of  the  source  and  Its  distance  from  the  point  S  with  respect  to 
which  the  directivity  Is 

If  the  source  Is  small  and  the  point  S  Is  far  away  from  It,  the  source  is 
a  point  source  of  llch'^  respect  to  the  point,  and  the  beam  Is  directed  to  a 
maxlimp  extent  since  an  extremely  narrow  beam  emerges  from  the  point  S  . 
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Fig.  1^.  CflimrBlon  of  dlf fused  jliito  directed  lle^t. 

If  Ihe  area  of  the  source  Is  Infinitely  large  -  let  us  assuM  for  tixe  saks 

of  the  exaaq;)le,  that  Ihe  source  is  plena  -  ihe  entire  space  on  one  side  of  It  Is 

Ideally  diffusing,  since  erery  point  in  this  space  Is  impinged  upon  ty  zajn  from 
iid 

all  points  the  source  vlth  eQual  hrle^tness,  and  Ihe  area  becomes  an  Idedlly 
diffusing  sau!<ce.  All  points  in  the  space  are  slt\»ted  on  a  plane  parallel  to  the 
source  and  are  sthjected  to  the  sane  conditions;  hence  any  plane  or  any  surface 
are  Ideally  diffusing  surfaces. 

let  us  ncNf  consider  the  effect  of  an  optical  system  on  Ihe  distribution  of 

1 

brl^tnesa  in  rays  and  on  the  directivity  of  the  rays . 

Let  H  and  E*  be  the  principal  pdanes  of  an  optical  system  C^ig.  15b).  TbB 
arbitrary  point  A  on  the  principal  plane  H  is  Impinged  upon  by  rayi  from  all  source 
points,  hence  from  all  diredtlons.  For  every  point  A  -there  is  a  point  A*  idilcb  by 
mapping  point  A  ulth  linear  and  angular  enlargements  equal  to  unity,  radiates  in 
exactly  Ihe  same  may  as  point  A;  the  sane  -thing  happens  to  all  the  points  on 
plane  H.  Ihe  plane  H*  constitutes  the  seam  Ideally  diff'ming  ll^t  source  as  -the 
plane  H.  Ihus,  the  presence  of  the  optical  systme  has  in  no  nay  changed  -die 
structure  of  -the  radiation  from  the  ll(^t  source;  it  asrely  neakens  the  brli^tness 
of  the  beams,  since  sosm  of  the  luminous  ensrgy  la  reflected  and  some  absorbed. 

Ihls  argument  is  valid,  no  matter  how  complex  the  optloal  sjmtem,  since  it 
is  based  on  properties  In  coamon  to  all  optical  systems.  Oils  is  tbs  case  i*i1h 
ideally  diffused  li^t  ubea  the  source  is  of  infinitely  large  dlaensicns.  But  it  is 
of  -very  little  interest;  mudx  more  important  -  sirce  it  crops  up  so  frequsntly  d  is 
the  case  of  finite  sources »  But  it  esn  saslly  be  that  the  latter  case  reduces 

to  the  formsr  case  in  practice.  ^ 
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If  12m  •oure*  Is  nsll  in  slse,  sad  liM  optical  systsm  is  a  long  say  asi^ 
froB  It,  only  a  snail  aaount  of  energy  radiated  by  the  source  reaches  -Qis  optical 
system,  shlle  most  of  It  Is  scattered  In  all  directions .  Hence  se  are  only  Intexestad 
la  the  case  In  shleh  12m  systea  Is  In  direct  proKiadty  to  12m  source. 

If  VameNTHAttce  PopiL  of  12ie  optical  qrsten  iM  nudi  larger  lhan  liM  source, 
so  that  nost  of  Ihe  energy  radiated  by  the  source  iaplnges  upon  It,  It  Is  possible 
to  obtain  a  direct  bean.  Here  12m  optical  gysten  acts  as  a  microscope  tib^ctlse 
slth  a  large  aperture,  and  at  a  large  distance  from  the  source  se  can  obtain  a 
considerably  enlarged  laage  of  it,  radiating  ana  a  conparatlTely  anall  solid  ai^le. 
But  tlM  solntlon  of  the  prdblsai  is  hardly  of  practical  interest.  We  ere  tiisarted 
here  by  Ihe  tr«aeadoua  dlaenslaas  required  for  the  optical  system. 

If  Hm  system  Is  snail  in  slae,  hoseser,  and  la  sery  close  to  tiM  source, 
there  la  a  repltltlon,slth  alli^t  sarlation,  of  shat  occurred  In  12ie  case  of  the 
Infinitely  large  source. 

Hence,  under  no  elrcunstances  can  diffused  ll(^t  be  turned  Into  directed 
ll^t^  Any  analogy  with  special  aorle  screens  reflecting  a  narros  beam  of  ll|^t 
Is  conpbbely  stqperf lelal^  since  It  Is  sary  narros  beams  from  12m  cb>ctl’Te  of  ihe 
projecting  equipment  at  a  long  distance  from  the  screen  shldx  strlhaa  Ihe  latter. 

Ihese  beams  are  of  an  acutely  directed  nature  and^a  need  to  oo  le  to  t ft  em  that 

w/vy  ;  12ils  can  be  done  iiiaslly  In  aany  different  says« 

We  sill  coSM  bach  to  Ihis  problma  In  Chapter  III. 

Sec.  7.  Bm  passage  of  a  listlnous  flux  through  a  narros  opewiMp; 

Just  as  12m  Clausius  las,  Ihe  Lagrange’^elshols  las  can  also  be  called  a 
constant  flux  las,  and  in  Hmt  form  It  Is  In  fact  12m  las  of  12m  conservation  of 
energy  er4pressed  In  terms  of  optical  dairacteristics . 

Bei^ite  Its  simplicity  and  cbrlousness.  It  is  sometimes  disguised  to  such 

!'■ 

an  extent  -|hat  tlM  greatest  experts  cease  to  recogilze  It.  An  example  of  this  is 

jl  OPTICAU 

the  attempt  to  solve  Ihe/prdbrem  of  the  passage  of  as  nndi  lualnous  energy 

as  possible  llvoui^  a  given  opening. 

For  example,  let  ABC  (Fig.  l6)  be  i2M  section  of  a  solid  of  revolution  slth 
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axis  of  •jnaatry  00'.  A  Iwinooi  flux  iM  able  to  laaa  tfarouf^  Uia  orl^ca  vllii 
AlaMtar  CC'. 

What  la  the  naxlmai  flue  uhleh  can  past  -Ovoui^  lixa  glraa  aoUA? 

It  la  datoanalaad  by  the  fonrala 

®  =  icS^u»,  (10) 

l.e..  It  la  equal  to  -ttu  product  of  Ihe  area  of  Hie  Aiaaeter  00*  aaA  Ihe  aource 
brl^taeaa  and^  the  equate  of  Ihe  aperture  angle  u.  On  account  of  the  aaallaeaa  of 
Ihe  opening  OC',  the  aperture  angle  any  be  replaced  by  half  Ihe  linear  angle  between 
AC  and  A'C.  It  la  eauy  to  prove  lhat  no  aatter  uhere  the  laage  of  Ihe  Il(ht  aour^ 
a  greater  flux  than  Hie  one  glTen  by  Eq.  (lO)  cannot  be  obtained.  Unia,  the 
flux  la  totally  reetrlcted  by  the  bounds  of  the  beam  and  the  brlihtness  of  the  aource, 
and  given  the  dlaenalane  of  the  free  space  and  brli^tness  of  the  souree.  It  Is 
absolntely  impossible  to  go  beyond  the  v.iaa  i-r^  set  by  the  equation.  In  order 
to  Obtain  this  aaxlwMB  flux,  we  have  to  ensure,  by  naans  of  a  condenser,  that  the 
neck  OC*  la  filled  with  the  laage  of  the  llf^t  source,  and  ve  also  have  to  ensure 
u. 

Anothaor  prdblen  of  lllunlnatlcn,  the  solution  of  which  Is  of  great  practical 
laportance,  can  be  fcsanlated  In  the  following  way.  Let  a  source  of  ll(ht  S]^ 

(Fig.  17),  which  for  the  saka  of  slapllclty  we  will  taka  to  be  circular,  radiate 
a  flue  at  a  aolld  angle  wim  aperdure  Uj.  We  are  required,  using  an  optical  systaai, 
to  pass  the  flux  In  toto  throufiA  the  qpenlng  (vhldi  can,  anong  other  things,  be 

recorded  as  the  war  king  area  of  the  receiver). 

4 


Fig.  16.  mssaga  of  lunlnous  flux  throu^  a  solid  of  revolution 


i&  av  . 

^Hcg.s{^l9»!i)lxrw  angle 
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Fig.  17.  BMMg*  ot  ft  Imlnottft  flux  thrcuf^  ft  nftrrow  openlBg. 

Koftt  •pftciftliitft  ftBcoiiitftrlBg  tMi  prdblOR  for  the  flrat  tia*  igiin  llift 
laprftftftloB  tliftt  ft  fiftlrly  coapltx  ajataft  of  alrrora  ftni  lenaaa  vill  ftlaa^a  «Mble 
to  "paaa"  any  flux  tiirou#  ttia  only  difficulty  la  to  oouatnet  fts 

optloftl  ayataa  thlch  trapa  all  ^  raya  eoalag  froai  and  beaaa  thaa  tbrouc^  82* 

At  flrat  alc^t  It  aay  aaaa  that  Ihexa  can  cartalaly  ba  audi  a  ajatca,  altibooi^  It 
Bay  ba  a  zatiiar  ecaqplioatad  ona. 

i 

Bvaryoiia  la  fully  acgualatad  vlth  -Oa  Lagraage-EeSaho^  ]««,  but  Baay 
paqple  uhan  rwiiafinrluc  tba  aloMntary  proof  of  it  glran  in  Boat  t«rtboOka  on 
gaoaatrlc  optica,  aaauBe  that  Hb  lav  hoULa  for  eoBterad,  ragular  optical  ajataaa, 
and  for  eonJuiF^ta  planea  aa  vail.  Hanca  tbera  la  aoaa  hopa  laft  tbdt  tha  lav  can 
ba  got  rovnd.  9ila  arror  vould  prdbably  not  occur,  If  It  vara  atraa^^ad  In  lha 
taxtbooka  that  tha  Lagranga-Calubo]^  lav,  aa  pointad  out,  la  Boraly  Hia  prlnclpla 
of  a  conataat  flux,  the  wlTaraallty  and  of  Uhldi  la  cbrloua  to 


ayvryqpa. 

It  la  aaay  to  prore  that  tha  only  liaiiaoua  flux  vhlch  a«i  ba  paaaad  ihrouc^ 
a  praaat  opanlng  la  ana  vhlch  doaa  not  axcaed  a  cartaln  alia. 

For  lha  aaka  of  alapUcl^  va  vlll  aaauBe  that  tha  sourca  dbaya 
Laiibart51av,l.a.,  va  aaauaa  that  lha  brl^lsaoa  la  conatant  In  all  dlractlona.  The 
flux  radiated  by  the  source  and  the  area  Mx  deterBlnad  by  the  equation 

*  =  Bs,8in*«,. 

Aaaualng  that  the  optical  syatan  protecting  the  source  Sx  onto  Ihe  opening 


82,  vhose  area  la  eqxal  to  S2,  does  not  causes  losses,  ve  find  the  foUovlng  for  -tea 


flux  passing  terouc^  Sg 
tease  equations  gl-re  us 


♦  =  nBst  sin*  u,. 


sin  M,  = 


IliMi  th«  aagl*  jg  Aom  not  «dst,  and  thla  Mans  that  ^  la  not  poaslblo  to 

paaa  tha  antira  flux  tadiatai  by  Idw  aouree  tiiroac^  Itie  opanlag  82*  We  can  only 
paaa  umm  of  Ilia  flux  Ibxaai^}  and  Ilia  aaount  of  it  la  datarainad  by  ilia  conAition 

Sac,  6.  Bia  **flra  rlak"/^tlcal  and  glaaa  larta 
Aa  ua  bate  oftan  dbaaruad,  people  attribute  aaaiiag  propartlaa  to  optical 
ayatana,  uhldi  tha  latter  do  not  in  fact  poaaaaa.  lha  potantialltlaa  of  optical 
ayataaw  In  thla  raapeet  are  oft«i  greatly  ofar-eatlaatad. 

It  la  a  fairly  uUalylialA  opinion  that  optical  ayatana,  and  firHiar,  a 
nvAar  of  avary^day  hooaaholi  objacta  audi  aa  bottlea  and  daoantara,  abldi  only 
raaaabla  optical  ayatena  to  a  Tary  all^^t  extant,  nay  eauaa  firaii  and  axploaiona. 
Thla  prejudice  agalnat  optical  inatnaanta  andotbar  glaaa  Itana  la  particularly 
vldaapraad  aaemg  Ihoaa  uho  anga^  profaaaionally  In  fire  flj^ltlng  and  baaplng  an 
aya  on  tha  dbaarvanea  of  fire  precautlona.  Ttia  tendency  to  exaggerate  the  "fire 
haaard"  of  optical  inatruaenta  aoaMtiaea  raaulta  in  excaaalva  precautlona  intolTlng 
pointlaaa  expenditure  and  naadlaaa  aaaaurea  cxanplng  fraadon  of  action.*) 


#)  Illuatratlon  of  1hla  la  the  following  extract  froai  a  widely  uaad 
textbook  on  fire  fluting  (a  txanalatlon  froai  the  Qaziaan  original  by  Dr.  Sclivartx 
"Conflagratlona  and  Bxploalona"). 

"Any  rayi  concentrated  by  a  lana  at  one  point  oay  oauae  a  fire  within  a 
ahort  tine  (aaweral  mlnutea ) .  A  concentration  of  raya  of  the  aun  any  be  produced  by 
any  glaaa  dbjecta  acting  aa  lenaaa,  for  exaople,  bottlea,  globaa,  eaqpty  and  full 
vaaaela,  lasaauxlng  cpkugaa>  apactaele  lanaea,  optical  and  caanra  lenaaa,  glaaa 

tllea,  or  any  glaaa  objacta  containing  air  bubblaa. 

Olaaa  tllea  containing  air  bubblea  are  particularly  dangeroua.  If  uaad 
for  the  roof  of  bams  or  atorehouaea  they  any  cauae  hay,  atraw  or  wood  to  burat  into 


To  f^ln  ft  coirect  Idaft  of  the  "fire  risk"  of  optlcftl  inetnaente^  ve  need, 
only  rea«iber  eone  of  the  iafoxofttlon  oontalned  In  the  ireTiooe  ebepter  (p.  l6). 
Icpultion  of  Ihe  noet  Infleianble  eubstencee  requlree  e  concentre tlon  of  eusilli^t 
by  ft  fftctor  of  50  to  100  or  more.  Silc  Ic  e  large  concentration  and  cannot  be 
produced  by  Iteelf " .  It  cannot  be  produced  by  Juat  any  lana .  A  relatlTe  aperture 
of  -ttie  order  of  l/lO  or  acre  la  required.  At  Ihe  aaae  tlM  Ihe  dlaaeter  of  the  lena 
(or  Its  focal  distance)  baa  to  be  stKh  that  the  sun's  laage  is  fairly  large  -  seTeral 
nlliaeters  in  diaaeter,  l.e.,  Ihe  fooal  distance  has  to  be  on  the  order  of  20  cn 
or  aore.  Eaverar,  It  should  be  pointed  out  that  eren  at  such  hl|^  concantratlons  cf 
solar  energy  (of  the  order  of  IhoiiSaods  or  tens  of  ihousaads  or  nore),  liien  Ihe 

dlanster  of  Ihe  isnge  is  sufficient  to  i^piite  ^bm  object.  It  Is  nach  nore  often 

occ-u/LS 

snolderlng  fCmHAn.  7k/tH'<om8MTtoMytnicH/  ,  since  Ihe  nelj^oring  areas  of  the  heated 
part  cool  it  and  prevent  It  bursting  Into  flasn. 

But  In  order  for  the  concentration  of  Imlnoua  energy  needed  for  oogdmstion 
to  occur,  the  distance  between  the  leas  and  the  coid>ustlble  Object  Ohould  be  egnal 
to  the  fooal  distance  of  the  lens. 

IhuB  three  conditlocs  have  to  be  satisfied  all  at  the  sane  tine:  the 
presence  of  a  poeltlTe  lens  with  a  relatlTe  apertwe  exceeding  a  certain  lover 
lladtj  a  set  distance  between  thelans  and  the  ob  ject  end  a  fairly  hl{^  degree  of 
InflasBWhlllty  In  the  latter.  The  prObsbility  or  all  three  conditions  Be/vs 
satisfied  at  the  sane  tins  la  so  snail  that  It  Is  virtually  nil  (althouj^  nohl 
exactly  nil). 

As  rec^ds  the  "flre«Taising”  properties  of  bettlea,  decanters,  etc.,  the 
"concentrating"  power  in  them  is  negligibly  snail. 

Bottles  filled  with  liquid  are  siiallar  in  actlcn  to  cylindrical  lenses 
condensing  the  solar  energy  in  one  direction  (in  a  band),  rutfaer  than  a  point  or, 
aore  exact,  a  circle,  as  is  noznal  in  lenses.  Hence  the  illumination  caused  by 
large  bottles  (which  must  be  full  since  empty  ones  do  not  produce  any  concentration 
for  practical  purposes)  is  considerably  less  tbahrthe  lllumlnaticn  produced  by  the 
effect  of  a  solid  glass  glebe  with  a  diameter  equal  to  that  of  the  bottle. 
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Fig.  18  dunw  tlM  palii  of  rftyi  tbzoui^  a  glass  cylinder  200  ns  la  Hamster 
vllfa  a  refraetl-ve  ladex  of  l.$  (It  should  be  noted  that  most  liquids 
less  lllisiintlcn  on  account  of  a  loser  refractive  Index).  !Bm  vldlh  of  tin  ll#t , 
band  at  tin  wxrosest  point  AS  la  about  20  ns,  and  since  tiie  Haaster  of  tiie  cylinder 
Is  200  am.  It  can  be  considered  tint  tin  cylladrleal  lens  amplifies  tiie  llliasinatlon 
approodintely  10  times,  Shlch  la  a  very  weak  and  quite  hansless  "conoentratLon" . 
AdMttedly,  tiie  14^t  Is  distributed  unevenly  orer  the  t>^.<x>aad  if  tra  take  tin 
angular  diameter  of  tiie  sun  Into  account,  it  can  bo  calculated  tint  at  certain  points 
tiie  concentration  Is  soneShat  larger,  tiiotq^  It  still  does  not  exee^  1^  -  20,  ano  th(s 
Is  a  tinoretlcal  figure  anyuay. 

In  practice,  because  of  absorption  of  tin  medium,  scatter  and  other  factors, 
ve  can  tint  the  degree  of  concentration  never  exceeds  8  •  12,  tideh  la 

absolutely  bazmleas.  A  Yeesel  shaded  like  a  globe  and  filled  vlth  eater  may  iroduce 
a  hl^r  concentration  -  an  average  of  $0  -  and  at  certain  points  as  mudi  as  100 
tlsns;  tills  concintratlan  is  much  more  dangerous,  but  the  great  losses  dm  to 
absorption  by  the  glass  greatly  reduce  It. 

Avty  bottles  and  siherlcal  decanters  do  not  concontxate  li#it  to  this 
extent;  tin  flashes  occurring  then  sunli^t  lapiagem  on  tinse  objects  are  very  veak 

7 

and  do  not  present  any  danger .  Small  bobbles  In  the  glass  cas  only  cause  diffusion, 

and  diffused  ll(^t  taas  still  less  of  a  heating  effect  tiwn  tin  sunllc^t  Itself.  If 

there  are  larg/bibbles  .,  they  act  u  negative  lensee.  Ihis  Is  easy  to 

mlerstand  If  me  follov  the  course  of  rays  in  a  lens  of  this  kind  ^Ig.  19).  (It 

mmt  be  taken  into  account  tint  the  refractive  Index  the  glass  Is  greater  tiiaarH4T 

M  wy  f TV4T 

>4he  air).  Instead  feoncentratlon  of  solar  energy,rme  latter  Is  diffused. 

Bevertinless ,  on  the  basis  of  this  ee  should  not  Jmp  to  the  conclmton  that 
optical  S9i\tens  are  completely  safe.  On  tin  eontialiy.  If  the  occasion  arises,  ve 
can  me  thmu  to  produce  excep^otnl  results^unebtalnable  in  other  vays  in  the  hl|^ 
temperature  range. 


Fig.  18.  I^th  of  rays  1iiraa#i  a  aactlcn  at  a  glaaa  cylialer. 

Using  large  paraboloid  airrors  2  m  in  dtsaeter  vith  a  focal  diatanca  of 
0,3  m,  (tile  kial  eaployed  In  set  lif^tiag)  «e  can  eonecntrate  solar  energy  by  a 
factor  of  160,000,  ehich  is  eguitalent  to  an  eoergy  density  of  5000  cal/a^.  If 
a  Mali  stof«,  tile  rolnse  of  tiiidb  is  not  more  than  sereral  ciiiic  centlnetsrs^  is 
placed  at  Itie  focus  of  this  mirror,  and  maxlmnn  use  is  aade  of  tiie  energy  Obtained 
by  special  derices,  ee  can  raise  tiie  teaqperature  of  this  tiny  store  to  5000*C.  At 
tMperatnre  tiiere  are  a  nmsber  of  dienioal  reactions  abich  cannot  be  produced 
in  My  other  may;  tire  hl^^est  Mltlng  metals  can  be  brought  to  melting  point  this 
may. 

It  Should  be  pointed  out  that  a  great  part  has  bsM  played  in  derSlopMnt 
of  such  solar  furnaces  by  N.  V.  Lomonosor.  It  eas  he  ubo  thou#it  out  a  clerer  and 
original  desicp  for  a  furnace  in  tiiich  tiie  sm's  rays  heat  it  up  on  all  sides  by 
a  special  axrangMMt  of  plane  adrrors  and  lenses. 

At  tiie  present  the  science  of  helio-installations  is  being  rapidly 
deraioped;  these  are^/^tallatlons  tiiieh  utilise  solar  energy  for  a  larlety  of 
purposes  .  Anong  them  are  ones  in  uhidi  sunlli^t  is  used  in  a  stroni^y  concMtrated 
form,  for  enmple  •oTav  steam  boilers.  Hero  tiie  rays  are  concMtrated  tiirou^ 


rtflMtloii  at  •onlli^t  fvm  ]«rft  aiaprora,  th»  surfite*  at  liildx  la  ealeulatad  ia  aaeb 
a  wy  M  to  vtUiao  Hio  tolar  auKgf  to  a  aaaclMaB  oxtant. 


Fig.  19.  Path  of  rays  through  an  air>bubble  in  glass 


tho  inwlnation 

A  inil)or  at  Invontora  haro  at  dlffoxent  tlasa  auggaotad  a  arttiod  'ffr* 
avUfylBg  the  illualaatlon  of  aa  area  S  by  aeant  of  the  deirlee  ahoMB  ia  ^Ig.  20. 

Tao  ooaleal  atrlboaa,  the  aada  AB  of  ahlch  eolacldoa  vlth  the  exit  of  a^natry  of 

«BJec.r\ve 

the  dbjaetlTa  00',  baaa  tba  pazallal  xayi  of  U^t  P  aad  ?i.pnrotHeMixaiai^  the  rlag 


objaetlTa. 


aad  the  raya  are  coodwaad  la  Ihe  focal  plaaa  FF.  of  the 


Ihe  area  of  the  rlag  throogh  idilch  the  raya  paaa  la  X  (r^  ^  -  x^)  ahara 


'rtiara  aad  are  tha  outalda  aad  iaalde  radii  of  the  rlag.  Bat  the  area  of  the 

2 

tNT^<t/ycr  pufitu  at  tha  objactlre  ia  "Xv  ,  ihere  r  la  half  the  diaaatar  00'.  But 
'a  '  *2  “  haace, 

— /5)  =  "  ('» — r»)  (ri  -f  rt)  =  itr  {n  +  r»); 


ia  thla  uay  the  area  of  tha  rlag  la  greater  thaa  the  area  of  the  t>y 

a  factor  of  (rj^  *  rg  )/r.  Thla  ratio  can  be  aa  large  aa  raqinlred.  On  the  v^ther 

head,  all  raya  Incident  on  the  rlag  are  concentrated  on  the  obJectlTe.  On  firat 
oi|^t  It  nay  appear  that  the  lUaalaatlon  of  the  focal  plane  beoonca 
(ri  -f  v^)/^  tlaaa  larger  thaa  the  plane  iraducod  by  the  obJectlTe  Itaelf . 

It  la  eaay  to  dieck  uhether  the  raya  lying  la  tha  plaae  of  tha  drawing  aad 
foralag  the  angle  with  the  axla  AB  gather  at  the  aaae  apot  after  paaalng  throu|^ 
the  ring  aa  tha  raya  directly  atrUdag  the  dbJectlTe  at  the  aaae  aagle  to  the  axla. 
In  other  worda,  for  plane  beana  of  raya  lying  ia  the  plaae  of  the  dlagraa,  there  la 
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eooemtifttloa,  proYllad  the  concept  cm  be  cvpUed  to  llheer  eleeent  (eni  not  to 
*  ilwnt  at  eree).  Oils  property  of  the  eyiteu  deBerlbe&  hee  led  mny  en  Inrentor 
to  Ihe  coBclBelaB  Itet  by  neeae  of  Ifae  optlcel  device  deecribed  it  ^uld  be  poeslble 
to  latMUlfy  the  lUtBlaetlaii  et  the  focal  point  any  nueber  of  tinea.  According  to 
the  lUuBiaatlon  etnatlon  given  on  p.  26,  however, 

E=>KBsin*u, 

ifceve  u  la  Ihe  apartore  angle  of  the  dbjef;tlve  00*.  Conaeenently,  the  lUaalaatlon 
e— mat  be  lacreaaed  by  itie  abova>deaerlbed  device.  Hoe  can  ve  explain  liM  apparent 
contxadlcticnt 


Pig.  20.  Optical  device  for  "aapllfylag'*  the  llltadnatlon. 


nw  anaver  la  the  behavior  of  the  rayi  which  do  not  lie  In  the  plane  of 
the  djaaraa. 

Calcttletlon  of  the  path  of  thcae  raya  ahove  that  they  do  not  Ipither  at  one 
point,  like  the  xaya  In  the  plane  of  the  dxnving,  but  are  acattered.  l&Lacatterlng 
Increaaea  vlth  the  dlataaoe  between  the  conical  aurfaeea.  Hence  thexe  cannot  be  any 
c  cncofttxatlon  of  the  raya  and  the  general  equation  for  K  given  above  atlU  holda. 

It  can  be  further  pointed,  out  that  the  ayateai  In  queatlon  done  not  produce 
any  laage,  or  at  leaat  aa  far  aa  the  rejreaantatlon  of  point  by  point  la  concerned. 

Aa  can  be  aeen  froai  the  foregoing,  Invantora  of  the  "llliaiinatlon  aaipllf ler" 


oake  A  mlatake  In  that  they  only  eonaider  raya  whoae  behavior  la  aaaleat  to 
detealne^aad  without  foundation  draw  general  eonclualona  fron  the  reaulta  of  a 


45 


partlettln  cate* 

9m  error  Mde  by  larontora  liio  .pat  forvard.  -ttie  "aapUfylBg"  wit  daacrlbad 
la  rary  tha  osm  Wlbh  tdll  ba  conaldarad  furthar  on  (Bx.  Ill,  Sec.  3),  alaca  In 
ganaial  eaaaa  tba  arror  la  dut  to  inaufficiaBt  conaldara'tlon  of  liM  aaglttal  raya. 

Sac.  10.  Raatorlng  alWt  In  caaaa  of  ratiaal  InJnry 

Anong  Ilia  aya  troWIaa  auffarad  by  aUarly  paopla,  injury  to  tiia  ratlm  la 
wry  coaBMn*  aa  a  raault  of  baaorzbaga  or  othar  factora,  part  of  ilM  retina  caaaaa 
to  react  to  atianlation  by  Il(^t.  9iua  tha  aorklBg  area  of  the  retina  la  dacreaaed 
co^red  alth  noiml.  The  DscRs/j^e'  cauaea  a  reduction  la  Hie  field  of  rlalon 
ofHM  patlant'a  ocular  ayataai  and  dbrloualy  cauaea  a  great  deal  of  laeonrenlanee  - 
difficulty  In  getting  about,  vorking^aad  ao  on.  9ie  Incoirranianee  ia  fWHiar 

by  Hia  fact  that  in  nany  caaea  Hiare  ia  daaaga  to  tha  retina  of  both  eyaa 
at  Hm  aflM  tiaM.  la  It  poaalble  to  reatore  Hie  jartlally  deatroyed  rlalon  by  naana 
of  an  optical  ayataai 

Let  ua  recall  the  atrueture  of  Hie  retina.  9m  outalde  layer,  Wlch  recelrea 
Ivninoua  energy,  haa  a  diacrete  cellular  atrueture.  Sllf^tly  ainplifylng  Hm 
altpaatlon,  re  can  aay  that  tiM  layer  oonaiata  of  a  conaidezabla  nadier  of  aeparate 
cell-recelrera  (roda  and  conea).  Hie  aajorlty  of  eblch  are  st>pf>i.iearlHi  nerve  andlnga 
In  Hm  ailddle  of  Hm  retina  every  ll^t-aenaltire  cell  haa  a  nerve  aiding,  but  in  Hm 
perliheral  arena  only  groupa  of  cella  have  than. 

9iai,  even  If  re  aaauae  Hmt  every  cell  could  aend  a  aefarate  aigaal  to  Hm 
brain,  Hm  nuaber  of  audi  algaala  could  not  be  greater  Hmo  Hm  nuWer  of  lle^t> 
aenaltlve  cella.  Conaequently,  if  part  of  the  retina  la  deatroyed,  the  ntalier  cf 
vorUng  cella  la  reduced  and  there  ia  bound  to  be  acne  loaa  of  Infornatlon  (aee  Ch. 
V,  Sec.  8). 

Let  ua  aaa\Be  for  the  aahe  of  ainplielty  Hiat  the  retina  la  ahaped  like  a 
circle  rlHi  dlsoeter  a.  I«t  ua  aaenee  Hiat  aa  a  raault  Of  lllnaaa  the  dlaneter  of 
the  rorklng  area  of  the  retina  la  reduced  to  a^^.  By  neaaa  of  aa  optical  ayaten  re 

can  project  Hm  laage  of  Hm  aaae  field  of  vlaion  that  exlated  before  oito  a  nee 
area  of  the  retina*  In  order  to  do  Hide  all  re  need  ia  to  place  apeclal,  ao-called 


V? 


teltMople  giMMies  la  front  of  lix*  oyaB  aai  tbose^^&ueo  an  ijMig*  of  dlstaat  objacts 
on  the  retina  vtlb  slli^t  ■ecplflceticn  (greater  or  leee  -than  xmlty).  Teleeeople 
epectaelee  aiyj  ueually  laed  to  aacpify  laage^and  thle  to  eome  extent  offaete  -the 
lack  of  acuity  d»xaeteriatio  of  pereoiM  eufferlng  fron  dattged  retime.  Here, 
hoeerer,  the  field  of  rlalon  la  reduced,  aa  la  latpllad  by  -the  Iagraage«flelaho^  lav. 
In  -the  caae  la  point,  ve  vould  have  to  vear  teleeeople  apec-taclee  vlth  a 
i  1.  I-..  U  «  f  t. 

Of  the  optical  dyateBi  "teleeeople  epec-baclee  -  eyea"  and  2v  to  be  -the  angle  of  field 
of  TlaloD  of  a  nomal  eye,  then  the  dleneter  of  the  vorklag  area  of  -the  retlm  la 
detarnlaed  by  -the  eguatlan 

aca2/tgw. 

For  a  daangad  retina  ve  alao  get 


fron  vhldi  It  f ollova  that 


But 


fl,=2/,tgt», 

4i  * 

/=! 
Ti  a* 


vbere  ^  la  the  mgnlflcatlon  of  the  teleeeople  apaetaelea,  hanee 

'  i 

For  aaoanple.  If  half  the  retina  (in  dlaaeter)  la  daarigad,  in  order  to  reatore  the 
field  of  vlolon  ve  bare  to  uae  a  teleacoplc  a^tea  (for  eoaaple,  teleeeople  apaetaelea) 
vlth  reduction  by  a  factor  of  2.  Bare  the  acale  of  apace  vlU  be  half  vhat  It  la 
vlthout  apectaclea;  all  Objecta  vlll  aeen  tvlee  aa  far  aa  they  vould  appear  to  the 
naked  eye,  and  the  reaolrlng  poaer  of  the  eye  referred  to  the  Objecte  in  guaatlon  la 
halved  -  vbldi  la  tolerable.  But  the  apparent  Increaae  la  dlatance  of  different 
Objecta  nay  eaally  lead  to  aa  accident,  particularly  vban  croealng  -Ihe  atreet  alnce 
trucka  and  buaea  vlll  aeen  to  be  furtixer  avay  and  their  apeed  vlll  appear  to  be  leaa 
than  it  actually  la.  So  an  optical  ayaten  of  thia  kind  cannot  be  reconmnded  for 
xiae  out  of  doora  . 

There  la  another  poaalble  vay  of  reatorlng  the  loat  field  of  vlalcn  known  to 
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octtllitt,  but^lly  usal  ‘Mben  IIm  boueAftry  betvMn  tiie  vorklng  anl  l—igtl  «r«M  of 
the  retlxMb  Ic  rou^y  *  Ytrtlcel  llne^  By  using  the  piste  mirrors  la 

a  e«rtaln  position  la  front  of  the  eye  me  can  retlrect  tiie  sec  tor  of  12ie  f  leli  of ' 
▼Ision  hbldi  hhouM  hare  been  observedL  by  the  damaged  part  onto  the  vorklng  area  of 
the  retlm.  ihere  are  Ihen  two  Images  of  title  left  and  rl^t  side  of  the  field  of 
Tision  at  Ihe  saw  tlw  on  the  healthy  area  of  the  retina.  Ibe  llf^t  reflected  fros 
Ihe  mirrors  la  not  so  brl^^t  and  subtly  different  la  color  frosi  the  lle^t  reaching 
the  eye  directly,  so  that  vhen  the  vearer  has  become  wed  to  Ihe  system,  he  can 
distlaguikh  lIrtrwpTm  the  rl{^t*hand  aal  left-hand  sides  of  his  field  of  vision. 
Neverlheless,  ihe  presence  of  fields  existing  stnultaneously  and,  ifhlftlag  irrespective 
of  one  another  creates  a  particularly  impleasant  sdteatlon  and  a  nwber  of  patients 
oannot  get  used  to  vearlng  spectacles  of  -this  type,  even  after  long  periods  of  trial. 

Headers  nay  obtain  an  Idee  of  ihe  sensation  experienced  by  a  patient  vearlng 

these  spectacles  if  they  hold  a  plain  mirror  to  one  eye  and  look  out  of  ihe 

V  Indov  into  ihe  street  at  the  saw  time.  Ihe  double  load  on  each  lie^t-sensltive 

cell  in  ihe  retite  officially  increases  the  amount  of  Inf onaation  (vlth  a  hi^ly 

T^c  s/srcm 

nlticenble  amount  of  deterioration  of  qqality)^bnt  |IiTrou#t  viih  a  niniber  of 
unpleasant  mi*  even  risky  consequences  Qieadaches ,  nervous  disorders  and  so  on). 

in  discussing  ihls  problem  ve  have  gone  beyond  the  bounds  of  optics  and  entered 
the  realm  of  neurology. 
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CHAFTBR  III 


REVEHSIBILITr  AHD  IRlB?gHBIBIUTr  TS  OPTICB 
Sec.  1«  What  li  "yrBMiblilty**  In  optlci? 

!aie  rererslbllity  or  Irrererslblllty  of  optical  proceaaes  la  of  great 
iaportaaee  for  the  aubject  Interesting  vm  •  the  poaelbls  and  l^poaslble  In  optics. 

Ihe  IrreTeralblllty  of  proceeaea  laq^oses  a  nvatber  of  llaltatlons  on  certain  trana- 
fomatipns  of  optical  beaatt^shldi  do  not  conflict  vlth  the  principle  of  Mtaervatlon 
of  energy  and  are  quite  feasible  -therefore  at  flrat  al^fit. 

Flrat  uf  all,  se  sust  atate  aore  exactly  shat  se  underatand  by  reveralble 
and  IxreTeralble  proceaaes.  If  a  procesa  la  reveralble.  -the  aystaai  in  vhlch  thla 
procesa  occura  flrat  In  one  and  then  in  the  opposite  direction  muat  end  ttp  in  the 
initial  a-thte  vlthout  the  aurroundlng  bodlea  experiencing  any  changes.  Ihla 
definition,  vhldi  la  borrowed  frcn  themodynaalea,  can  be  uaed  In  optica  aa  veil 
vlth  a  fair  degree  of  approxiaatlon. 

ihe  beat  Illustration  of  a  reversible  process  is  the  pasaaga  of  lif^t 

throui^  a  non-ehaoxbing  BMdlua  or  optical  syataa,  the  surfaces  of  lixleh  are  Ideally 

< 

polished  (there  la  no  scatter),  on  ccKsdition  that  the  reflection  losaes  during 
passage  tfarou^  the  interface  are  degligibly  snail  (or,  vhlch  la  the  saaw  thing, 

mt 

the  surface  la  Ideally  low-reflecting). 

Let  U8  apply  this  criterion  of  reversibility  to  the  said  process.  To  do 
this  let  us  place  a  plane,  ideally  reflecting  mirror  M  in  the  path  of  the  ray  ABC 
(Fig.  21)  vhlch  has  passed  throu^  the  interface  of  two  non^bsorblng  media  I  and  II. 
If  the  mirror  M  is  oriented  in  such  a  way  that  after  reflection  the  my  returns 
along  the  prerloos  path  GBA,  nothing  In  the  systeai  of  two  media  la  changed  end  the 
ray  emerges  along  the  aaae  stmle^t  line  BA  from  vhldi  It  started.  But  If  there  la 
refmctlon  at  point  B  and  ve  malm  allowance  for  reflection  on  the  basis  of  the 
Fresnel  lav,  the  re-verslblllty  is  conditional:  It  exists  as  far  as  tfae  tmjeotory 
la  concerned,  but  not  as  far  as  the  energy  Is  concerned  (when  It  has  returned  to 
point  A  the  energy  of  the  beam  Is  less  on  account  of  losses  at  point  B  on  the 
forward  and  reverse  path  and  there  are  abanges  In  the  sMrgy  state  of  the  two  hedia). 


M 

Fig.  21.  BeT«rii}>lllty  of  path  of  xay. 

Proeeasas  basal  on  puraly  gaometrle  lavs  (rafractloi  aid  raflectloa)  ara  all 
ravarslbla,  slnea  va  dlsrctFixl  lossas  throned  absorption,  seattar  anl  Frasnil 
raflactlon  ilien  va  daal  vllh  Ihem.  If  tha  path  dascrlbas  a  definite  trajectory  on 
the  forvaxd  Journey,  It  Is  clear  that  on  the  return  Journey  It  describes  the  saae 
trajectory.  IS  point  A  la  represented  by  a  certain  optical  systea  as  point  A ' ,  point 
A'  Ion  the  hstiorn  Journey)  Is  napped  by  point  A,  and  so  nn. 

Hovsnrer,  vhen  ve  consider|^ore  general  lavs  of  propacp.tlon  cf  U^t,  taking 
Into  account  phenonena  caused  by  the  physical  basis  of  llc^t  rays,  the  problsn  of 
reversibility  bee<2aes  nudi  nore  conplioated. 

Vhen  ll^t  passes  throuf^  actual  and  optical  systens  there  are  a  vbole 
nuiher  of  resulting  effects,  to  vlt: 

1)  refraction  throue^  a  difference  In  the  refractive  Index  of  the  nediiai; 

2}  reflection  frem  the  Interface  of  the  asdlua  vlth  different  refractive 
Indices  (including  reflectlcn  fron  mirror  surfaces); 

3)  dispersion  (of  the  prlsa); 

4)  polarization; 

3)  absorption  during  passage  throu^  an  absorbing  nedlun  (li|ht  filters); 

6)  scatter  during  passage  throuih  nonhomogeneous  sedla  (dust,  nlst^  frosted 

glass); 

7)  scatter  ihen  llcht  fails  on  transparent  bodies  vlth  a  wry  fine  structure 
(ground  glass); 

8)  absorption  the  Interlace  betveen  tvo  nedia  or  vhen  Heht  laplnges 
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upon  an  opague  body; 
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9)  dlffractloD  due  to  Citation  of  baaouii  otc. 

Soc»  2«  Whldx  optical  phono— na  are  lirevaralble? 

IDm  criterion  of  reberalblllty  ka  deacrlbad  above  la  not  alvaya  applicable. 
Aa  an  lUuatration,  let  ua  take  -Hie  caae  diffraction  due  to  llnltatlon  of  tbe 
llf^t  bean.  L^t  ua  aaauaie  Itet  a  bean  radiated  from  a  Imlhoua  point  0  (fig.  22) 
la  refracted  by  a  ncn-aberratlng  Lena  L  and  foma  a  dlffractida  laage  O'  on  an 
Ideally  ref lactlng  nliror  M  idildi  aenda  the  bean  back  to  point  0 .  Wbat  la  -Qie 
atructore  of  thla  aecaodary_lnage7  It  followa  froa  the  Huygena<4'reBnel  principle 
that  at  the  point  0  there  le  fomed  a  conqpllcated  diffraction  pattern  coaqpletely 
unlike  the  original  point  0;  and,  anyuay,  coanon  aenae  telle  ua  that  the  reconveralon 
of  the  Intricate  diffraction  pattern  O'  into  a  point  la  unlikely. 

The  anaver  to  the  Queatlon  uhether  or  not  the  proceaaea  are  Irreveralble  le 
given  partly  by  theory  and  partly  by  experlaent. 

Strictly  apeaklng,  none  of  the  optical  phenonena  oentlcned  la  reveralble. 
Befractlon  and  reflection  fron  an  optical  aurface  la  aluaya  accoaq^anled  by  abaorptlon 
and  aoatter  and  It  never  bappena  that  the  energy  of  ^  Incident  flux  la  totally 
reflected  or  refracted.  Even  vhen  the  aurface  la  thorouc^ly  procesaed  and  coated, 
between  0.^  and  2$  of  the  lualnoue  mergy  la  left  uurefracted  in  the  firat  caae,  and 
not  reflected  in  the  aecond;  and  thla  loaa  la  irreveralble. 

The  aame  tiling  happena  when  U^t  la  dlaperaed  throu{^  diffraction  In  a 
prlan,  oe  vhen  ordinary  U^t  la  polarised,  alnce  aome  of  the  energy,  though  It 
nay  only  be  a  aaall  amount  la  acattered  and  abaoxbed. 

Another  Irreveralble  phenooencm  la  the  acatterlng  of  llf^t,  no  natter  vbat 
may  cauae  It;  diffraction  frcm  the  edgea  of  thej^ena,  dust  particles  or  drops  of  water 
In  the  way,  a  matte  c^aa  surface,  or  sone  other  body. 

Ihe  absorptlan  of  ll^t  la  also  irreversible;  the  Ireilnoua  energy  vhich  la 
absorbed  by  the  glass  or  sone  other  solid  heada  up  the  latter  and  naturally  lacraaeea 
Its  ovn  Internal  energy.  Byt  the  reconversion  of  this  additional  anergy  la  out  of 
the  question. 


Fig.  22. 

Hence  12ie  leeeege  of  ll^^t  Ihrou^  any  filter,  ehelher  neutral  (one  nUdi 
abBO(rt)a  all  the  risible  radiation  to  an  Identical  extent  and  doee  not  Hxerefore 
tih»ngm  the  color  of  the  dbjects  chserrad  through  it)  or  a  color  filter,  le  an 
Irreversible  procese.  For  example.  If  a  beam  of  idilte  llc^t  becomes  green  after 
passing  throuc^  a  filter.  It  certainly  cannot  be  reconverted  into  vhlte  of 

the  original  brlc^tnees,  althou^  it  Is  possible  to  convert  It  Into  ehlte  light 
vlth  reluced  brightness  by  using  extra  color  filters . 

With  veffLTi.  to  refraction  and  reflection,  ve  should  point  out  that  these 
effects  can  be  considered  to  be  reversible  vlih  fair  accuracy,  provided  ee  take 
certain  measures,  such  as  thorou^  polishing  and  coating  of  the  surfaces, In  order  to 
reduce  Iceses  to  a  mlnhsum.  Ibe  principle  of  the  reversible  behavior  of  rays  is  a 
particular  case  of  these  effects.  It  Is  valid  insofar  as  ve  can  disregard  losses 
due  to  reflection,  absorption  and  scatter. 

Dispersion  due  to  refraction  in  a  prism  lo  classed  as  a  reversible  effect, 
since  the  absorption  by  the  prism  can  be  disregarded.  Nevton  himself  proved  that 
IShlte  light  broken  up  vlth  a  prism  can  be  redoodensed  into  a  slit  by  means  of  a 
second  prism  and  that  the  vblle  ll^ht  passing  through  the  second  one  is  Just  as  bright 
as  the  initial  light. 

Ihese  argonents  apply  to  polarised  light  vhen  there  are  no  losses,  non¬ 
polarized  li^t  can  be  converted  into  polarlsedi  light  in  tvo  mutually  perpendicular 
planes  and  the  latter  can  be  reconverted  Into  ordinary  li^t.  But  here  ve  are  deal¬ 
ing  vith  a  rather  more  complex  effect  vhich  vlll  be  described  in  detail  later  on. 

Scatter  cannot  be  explained  by  the  lavs  of  geometric  optics  and  has  to  be 
relBiBd  to  physical  optics.  It  is  due  to  the  presence  of  fine  particles  (dust, 
vater  bubbles,  surface  scratches.  Irregular  surfaces  forming  "matte",  and  so  on)  In 
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the  aedlA  throu#i  iitvidi  Ihe  U^t  is  propag^taA.  The  saaller  tiie  particle  in  lbs 
path  of  the  Uc^t  beam,  Ihe  more  It  scatters  Ihe  lic^t.  According  to  the  Huygens* 
Fresnel  principle,  the  particle  is  turned  into  an  independent  source  radiating  orer 
an  dbtose  solid  angle:  the  smller  Ihe  particle,  the  vlder  the  solid  angle  vithin 
vhleh  the  lifi^t  vibrations  are  propa^ted  (shen  the  size  of  the  particle  approaches 
the  length  of  the  save,  it  acts  more  or  less  as  &  ItBainous  point. 

As  a  result  of  the  occurrence  of  an  enormous  nmber  of  disordered  secondary 
sources,  the  luminous  flux,  vhlch  originally  issued  from  a  virtually  point  source 
and  eanstltuted  an  extreme  degree  of  ordc'^llness^  no«  becones  the  opposite, 

either  gradually  or  suddenly  (according  to  the  orientation  of  the  particles  in  the 
path  of  the  ray);  it  turns  into  an  Infinite  niaher  of  random  feeble 'rH«tfe»(broad  rays. 
Althouc^  in  the  given  case  absorption  losses  are  pretty  snail,  the  process  of 
scatter  is  nevertheless  irreversible;  it  is  inconceltmble  that  this  infinitely 
large  nwber  of  separate  disorderly  sources  could  be  reunited. 

As  can  be  seen  from  ihat  has  been  said  above,  the  general  aolutlcn  of  the 
proble  m  of  reversibility  of  llg^t  processes  is  not  yet  possible.  !Ihe  crlterlopi ..  .. 
given  at  the  beginning  of  the  chapter  is  not  aleays  applicable.  Bad:  individual 
phenomenon  reqtulrea  a  separata  approadi  and  a  apaclal  method  of  solution.  Hence  in 
literature  ve  only  find  a  snail  nviher  of  attempts  to  arrive  at  a  general  nethod  of 
solving  the  problem.  Among  them  a  book  by  Jones  Clark  la  of  great  Interasta;  the 
book  puts  forsard  the  follovlng  idea. 

Ihexmodynamlcs  nakaa  it  poasible  for  us  to  solve  problems  concerned  vith 
heat  exchange.  Methods  have  been  developed  for  the  study  of  thermal  proeeeaes, 
naklng  it  poasible  to  determine  the  direction  in  ufalch  a  certain  process  vlll  move. 
Hence,  if  it  irere  possible  to  reduce  all  optical  proceeaas  to  heat  exdmmge,  the 
problem  of  irreversibility  of  any  optical  effect  mould  be  aolvad  by  thermodynuhlc 
methods.  However,  the  transpoaltion  of  photometric  concepts  of  lij^t  rays,  taking 
into  account  such  properties  as  polarisation,  diffraction,  absorption,  to  thezmo- 
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J.  R.  Clark,  On  Reveralbillty  and  Irreversibility  in  Optica.  JOSA,  Ii3,  No.  2, 

138  -  155,  1955. 


(Lyimmie  cffaeta  itaalf  tnrolTac  gr«at  dlff Icultlsa .  Ibe  author  has  eneountsrod  a 
nvifcar  of  dbstaelas.  In  partlcalar  scatter  due  to  diffraction,  thleh  hare  prorsd 
Insuperahla.  Hevsrtheless ,  the  approadi  he  takss  Is  uorHi  noting. 

As  Is  tell  knosn,  pbbleu  of  rererslblllty  and  Irrersmlhlllty  are  closely 
linked  vlth  statistics  and  the  theory  of  proibablllty.  But  the  difficulty  Is  that 
the  fundasMntals  of  statistics  and  tJie  theory  of  prdbtfhllity,  thleh  cobm  so  Mturally 
to  the  study  of  gases,  cannot  be  applied  quite  as  naturally  to  the  study  of  loslnons 
phenonsna  ulth  their  cooplex  and  tnrle.D  effects. 

As  Is  veil  knosn,  reversible  processes  are  the  exceptlcnf,  dr  rather  an  ideal 

unattainable  in  practice.  Among  such  processes  Is  the  passage  of  ll^t  throuf^ 

s  vcr 

madia  ehUi  are  absolutely  transparent  and  non^soibant.  Ihe  ^  <sf  these 

c  ondltlens  Is  encountered  eactremdy  rarely. 

Conversely,  the  absorption  and  scattering  of  ll{^t  are  constant  and 
inlTeraalji  HEe^prchablllty  of  these  processes  Is  infinitely  greater  than  the 
probability  of  the  propagation  of  U^^t  la  accordance  vlth  geometric  uptles  requiring 
point  aovrees  and  other  conditions  unaatlsfiable  In  nature. 

On  such  a  shaky,  foundation,  bofsever.  It  is  diffic'  lt  to  foroulate  any 
serious  theory  <f  rsniersibility  of  ll|^t  processes.  Let  us  hope  that  the  theory 
uiU  be  formulated  and  mill  be  of  use  in  throwing  lic^t  on  a  nvsher  of  practical 
prdblesia  Inrolrlag  reversibility,  vhich  ve  mill  now  go  on  to  discuss. 

Reversibility  and  irreversibility  of  optical  processes  ar^iiot  only  of 
theoretical  interest.  Many  attempts  have  been  made  to  '’concentrate"  dispereed 
ll(^t  radiated,  let  us  lay  ,  by  a  television  screen,  and  to  direct  It  into  a 
comparatively  narrow  beam.  By  doing  so  it  would  be  possible  to  e^ln  a  groat  deal 
In  brlf^tness,  since  the  reduction  of  the  solid  angle  by  a  factor  of  k  would  lead  to 
an  increasf.  In  brlf^tness  of  the  same  factor .  !Ihe  baee  of  the  television  tube 
radiates  within  a  solid  angle  ')?qual  to  2  'h;  .  it  could  be  reduced  to  7^/4,  which 
would  make  It  possible  to  serve  the  needs  of  a  reasonable  nuoher  of  televiewers, 
and  at  the  same  time  Increase  the  brl^tness  by  8  -  10  times.  Ihis  Is  all  the  more 
tempting  since  an  intensification  of  this  kind  Is  used  In  movie  theatres  by  means  of 
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special  seraaas  rsflsetlBg  llc^t  solely  at  a  useful  solid  eagle.  Why  Is  this 
laqposslble  for  a  telerlslon  tUbe  if  It  Is  possible  for  a  morle  sereent 

Idg^t  falUag  OD  the  aorle  screen  Is  beaaed,  l.e.,  It  Is  as  thou(^  salttel 
by  a  proJect«<(  dbjectlre,  the  exit  popn.  of  shlch  is  sasill  ccsqpared  vlth  the 
dlstaace  of  the  screen.  Bsace  If  «e  assvne  that  the  dlaaeter  of  the  objective  Is 
3  cm,  and  the  distance  betseen  the  projector  sad  the  screen  Is  4o  d,  the  angle  of 
scatter  of  the  boaa  of  Uc^t  reaching  the  screen  is  not  aore  than  3*,  i.e.,  the 


besa  is  extrasely  Sharp.  When  they  lapinge  tjpca  a  special  screen,  usiatlly  covered 
vlth  little  beads  or  tiny  concave  alrrors  (so  saall  that  their  boundaries  are  not 
visible  to  the  audience),  the  rays  aay  be  besaed  in  any  preset  direction  according 
to  the  position  and  shape  of  the  screen 

lAc^t  reflected  by  the  aatte  screen  surface  of  a  television  set  Is  lass  diets  ly 
scattered,  and  no  optical  systaaAn  ^ther  it  Into  a  beam.  A  aore  slaple  proof  of 
this  lapoeslbllitywte  given  (Chapter  II,  Sec.  6). 

Sec.  3.  An  eawple  of  ^  ^orrect  application 
of  the  reversibility  principle 

Ihe  reversibility  principle  is  not  alvays  understood,  even  in  its  siaplest 
f  om.  Several  years  ago  a  certain  inventor  put  forvard  a  nev  aethod  of  constructing 
the  lUualnatlon  systea  ecu  a  lic^thouse  or  searchlii^t  based  on  alslnterpretation 
of  the  irreversibility  principle.  Since  the  enusple  contains  a  lesson,  ve 


reproduce  it  in  slaplifled  fora  divested  of  the  details  dbscuriag  the  basic  idea. 


Fig.  23.  Ring-shaped 


lens. 


Let  us  consider  an  optical  tmit  obtained  by  rotating  the  Seal -circle 

about  the  axis  00*  perpendicular  to  the  dlaaeter  DD'  (Fig.  23).  IhLs  tinlt  is  a 

half-torusj  it  is  like  a  bread  roll  cut  in  half  along  the  plane  of  syaaetry  (Fig. 

24) .  If  a  parallel  bean  of  li^t  strikes  this  unit  perpendicular  to  the  plane  fozaed 
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by  the  rotation  of  ti^e  line  BD*  (aee  Fig.  23),  about  the  axle  00',  In  Hie  plane  AA  * 
there  oecure  a  rlng-ehape&  Imlnoue  line  ABA  'GA  -  uhlch  la  Hie  geonetrlcal  focal 
point  of  the  cylindrical  elnaenta  DD*M.  The  ring  Is  particularly  brlj^t  uhen  Hie 
eoorce  of  ll^t  la  Hie  eun.  Lat  us  asstne  that  a  strongly  Incaadescent'^^i.A^ 
filament usfx>  rearing.  How  does  the  beam  emitted  by  tbu  filament  lo<dc? 


Fig.  24.  Image  of  sm  produced  by  ring-anapen  lens. 

Otaduly  hasty  application  of  the  reversibility  principle  led  Hm  Inventor 
to  Hiat  after  refractlcn  In  Hie  glaas  half -torus,  the  beam  mould  become 

parallel.  If  this  mere  so.  It  mould  be  possible  to  Intensify  the  beam  by  adding  a 
nuBber  f  aemltorlc  parts  fomlng.  someHilng  like  a  Fresnel  lens;  Hils  mould  be  very 
tei(5)tlng  since  me  could  Twe/v  go  on  Increasing  Hie  brightness  of  Hie  emergent 

7 

b  earn  to  Infinity.  But  It  clearly  conflicts  tlth  the  Mangeen^lkolev  equation  given 
on  p.  26.  Wherein  lies  the  enror?  To  make  It  easier,  me  mill  simplify  the  prcblen 
e  till  more.  Let  us  consider  Hie  action  of  one  element  of  the  unit,  rather  than  Hie 
i*io3e  of  It.  More  simply,  let  us  cut  Hie  unit  Into  tmo  close  sections  containing 
the  axis  of  syoBBtry  00*  of  the  halftomis.  In  practice,  this  element  Is  no  dlffeimnt 
from  a  small  plane-convex  cylindrical  lens^and  so,  do  simplify  Hie  argument,  me  can 
replace  Hie  complex  semltorlc  surface  by  a  cylindrical  one.  Let  us  assume  that  A 
parallel  or  almost  parallel  beam  of  li^t  (say,  from  the  sun)  falls  on  Hie  plane- 
conw  cylindrical  lens/  To  make  It  clear,  me  mill  assume  that  the  plane  surface 
of  Hie  lens  is  vertical.  It  mill  be  possible  to  observe  a  brlth*  line  AB  at  a 
certain  distance  frpm  the  lens  (Pig.  25b).  It  is  formed  by  the  beam  of  rays  IjTlng 
In  horiiontal  planes.  If  me  consider  the  plane  vertical  beams  (Pig,  25b),  sixih  as 
m,  M'N'  and  so  on,  after  refraction  Hirou^  the  lens  L,  they  continue  their 
Journey  mlHiout  withering  in  a  point.  This  means  Hat  the  lens  has  no  condensing 
power  as  far  as  Hie  vertical  rays  are  concerned. 
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Fig.  25,  Bdiavior  or  »yt  in  cylindrical  lenn:  a;  nerittional;  b)  aaglttal. 

Let  ns  new  ccoelder  idiat  happens  whsn  the  beaus  of  ll^t  are  propagated  In 
•Uxe  pppoelte  direction.  By  correctly  applying  the  reversibility  principle,  we 
reach  the  following  conclusion. 

Bays  proofing  from  any  point  on  the  linear  ll^t  source  AB  do  not  emerge 
from  the  lens  as  a  parallel  beam,  indeed,  rays  emerge  from  point  M  la  all  directions 
(Fig.  26).  These  Include  rays  lying  In  planes  perpendicular  to  tiie  luminous  filament. 
These  leave  the  system  In  parallel  beams  In  a  direction  perpendicular  to  the  plane 
surface  of  the  lensi*  But,  apart  from  these,  other  rays  are  emitted  at  all 
possible  angles,  such  as  Wg,  and  M4p.  After  refraction  in  the  cylindrical 

lens,  these  xays  take  the  directions  *nd 

parallel  to  each  other. 

Thus,  the  Inventors  expectations  that  the  ll^t  would  be  concentrated  In  one 
direction  were  wrong  because,  apart  from  the  first  totality  of  rays  fomlng  the  ring, 
there  Is  another.  Infinitely  more  powerful  totality.  It  does  not  take  part  In  the 
hmmtlon  of  the  ring,  but  merely  creates  a  general,  dlammr  background  which  Is 
unnotlceable  compared  with  the  bright  ring.  It  Is  this  fact  which  caused  the 
mlsimder  s  tandlng . 

The  lesson  whldi  can  be  gained  from  this  oxas^le  Is  the  following.  The 
principle  of  reversibility  of  the  bdiavlor  of  lays  must  be  applied  to  the  totality 
<f  the  rays,  1  .e.,  when  analysing  any  problem  based  on  this  principle,  we  must  take 
Into  account  all  rays  participating  In  the  formation  of  the  image  even  thou^  they 
may  only  play  a  secondary  role  (as  was  the  case  In  this  example). 
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Fig.  26,  Passage  of  rays  originating  from  a  point 
throi^h  a  oyllndrioal  lens. 
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CmPTER  IV 


RBSOU/nON  LIMIT  OF  OPXiaL  ST5?SM3  ftCCCRQBOOFEB 

- A!B)~gaiBfl6HBT - - 

S»c«  1«  Qeaaral  coMlleyatloM 

When  working  with  preaent-dny  mlcroeeopee,  blologlste,  doctore,  metallurglBta 
and  other  Bpeclallete  rarely  uee  nagnlflcatlon  greater  than  1^00  •  2000.  AstronoeierB 
alBO  abide  by  this  limit,  and  under  noxnal  working  conditlccB  boHi  they  and  the 
former  group  of  BcientletB/^CTt'/tt.tyusf'much  emaller  nagnlflcatlon  (the  order  of  UOO  - 
600).  It  Bhould  be  added  that  over  the  laet  half  century  there  has  been  no 
apfpreclable  tendency  towardB  an  IncreaBe  In  theee  figures. 

Magnification  Is,  naturally,  the  fundamental  property  of  optical  Instrunents 
(particularly  microscopes  and  astronomical  telescopes)  used  to  examine  a'd. study 
tiny  or  distant  objects.  It  therefore  etands  to  reason  that  we  should  aim  at  ever 
greater  magnification. 

It  Is  therefore  no  wonder  that  there  have  been  so  many  prpoeals  and  Inven** 
t  Ions  aimed  at  tremendous  magnificat  Ion  by  combining  different  optical  units : 
astrcnomlcal  objectives,  microscopes,  eyepieces  and  so  on.  Some  of  the  propoaals 
to  back  to  the  Inventors^  school  days  and  at  least  prove  that  the  Inventors  learned 
the  fundamentale  of  optics  properly.  Indeed,  by  means  of  several  objectlvee  and 
^pieces  we  can  produce  a  ma^ilflcatlon  of  millions  or  billions  times,  and  the 
methods  for  doing  so  are  Infinite,  thue  opening  up  tremendous  possibilities  for 
Inventors . 

It  stands  to  reason  that  the  astroncmers  and  mlcroscopistc  themselves  have 

made  many  attempts  to  use  hi^  degrees  of  nacgalflcatlon,  especially  since  they  can 

be  adaleved  by  simply  replacing  an  eyepiece  by  a  strong  microscope  (this  very 

simple  trick  produces  magnification  of  ^0  -  100  thousand  times).  After  prolonged 

and  laborious  resear^  to  establish  the  most  advantageous  macpilflcatlon,  astr(mcmers 

have  come  to  the  conclusion  that  the  optimum  Increase  In  slxe  depends  on  a  large 

t 

number  of  factors,  among  others  the  diameter  of  the  objective,  the  aj^te  of  the 

atmoeihere,  the  viewed  object  and, to  a  ellt^it  extent, the  quality  of  the  iMtrument 

iteelf .  The  ficu/ces  are  small  and  range  between  200  emd  800  for  the  very  largest 
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Instrunentf.  Xt  Is  pointless  to  use  greater  magnification.  It  only  leads  to 
reduction  in  Ihe  field  at  v^.slcn,  brightness  and  definition  of  tiie  picture.  ALfHou&t^ 
Appearance  of  new  details  in  tiie  ioage  is  not  out  of  the  question, 
as  ve  shall  see  later,  these  details  bear  no  relation  abatsoever  to  the  dbject  being 
observed. 

Uhat  causes  these  depressing  results?  Let  us  first  consider  the  tvo  factors 
ihldi  seen  the  most  natural  -  the  effect  of  vibration  of  the  atmosphere  and 
reduction  of  the  image  brightness. 

Vibrations  of  the  air  layers  due  to  vlnd  or  other  meteorological  effects 
create  something  like  mobile  air  lenses  vith  a  variable  focus.  Ihey  cause  Images 
of  stars  and  other  heavenly  bodies  to  move  about,  beccoe  diffuse  and  blur.  At 
gpreater  magilficatlons  both  the  vibrations  and  blur  are  Increased  still  more  and 
there  cones  a  time  ihen  a  further  Increase  in  maghlflcS^tion  not  only  stops  hiprovlng 
the  definition  of  the  detail,  butAci'»>s*.i-yTBalces  it  vorse. 

Ihe  only  possibility  of  veakenlng  the  effect  of  the  atmosphere  is  to  build 
the  observatory  in  the  hills.  Mloitance  must  be  made  in  this  case  for  the  cllaate 
atd.  the  cloud  situation.  As  illustrations  ve  can  point  out  the  more  important 
American  observatories  *<t  Mt.  ^Ulson  and  Mt.  Falosar,  built  at  altitudes  from  1200 
to  1^  m  above  sea  level.  In  our  country  ve  have  observatories  in  the  ^^ucasus, 
near  Abastvmian  and  Byijj^n  at  a  height  of  about  2000  m. 

Another  factor  vhlCb  is  sonetlmes  used  to  exp  laid  the  poor  visibility  at 
siper^l^  magnification  is  veakness  of  the  brightness  of  the  Image. 

Indeed,  vhenever  ve  look  at  soniethlng  at  night  vith  the  naked  eye,  in 
particular  heavenly  bodies ,  the  diameter  of  the  pupil  of  the  eye  ranges  from  3  to 
8  an.  If  ve  place  a  dlapbraga  vith  a  circular  opening  vith  diameter  in 

front  of  the  eye,  the  lllmlnatlon  of  the  retina  is  redxiced  by  a  factor  of  (^|/A  )  , 
vhlch  results  from  a  corresponding  decrease  in  the  flux.  The  same  thing  happens  vhen 
there  Is  a  telescopic  system  In  front  of  the  eye;  the  role  of  the  diaphragm  in  this 
c j[0  played  by  the  £.t^iT  ft>ptL  of  the  system.  It  follovs  from  the  properties  of 
telescopic  systems  tint  the  diameter  of  the  la  y  times  samller  than  that 
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of  thB  obJeetlva>  it»r9  ^  Is  the  angular  enlargenent  of  the  system. 

As  an  exsaple,  let  us  take  the  giant  refractor  at  the  Pulkovo  Obser-vatory, 
ehieh  has  a  dleaeter  of  80  cm  and  a  foeO.  distance  of  l4  m.  Let  us  use  a  microscope 
vitli  a  thousand  magnification  as  the  eyepiece.  Ais  means  that  the  focal  distance 
mill  be  2^0/l000  0.2^  am.  !Ihe  enlargement  of  the  entire  system  is  l4,000/0.25 

»  56,000.  ’Bom  dieaoter  of  the  aperture  is  600/56,000  ■  O.OI5  mm,  i.e.,  it  vill  be 
3/o.O'’5  200  times  smaller  than  the  nomal  pupil  of  the  eye.  The  luminous  energy 

macblng  the  retina  is  200^  40,000  times  smallec  than  if  there  mere  no  optical 

system  (dlsregudlng  the  loesee  elthln  the  system). 

VIbat  effect  does  this  trasendous  reduction  in  the  Illumination  of  the  retina 
have?  Ihe  nusher  ve  have  Just  quoted  is  staggeringly  large.  But  me  mill  nos  diow 
that  in  many  eases  it  is  possible  to-  accept  this  reduction  in  Jri^tness. 

Heavenly  bodies  divide  up  Into  tvo  categories:  stars  distance 
so  great  that  even  after  maenlficatlon  thousands  and  tens  of  thousands  of  times 
they  are  still  only  points,  and  heavenly  bed&es  with  an  appreciable  angular  diameter 
(the  sun,  moon,  planets,  comets  and  nibttilae). 

In  the  first  case  the  ll^ht  source  can  be  considered  a  "point"  (this  is  the 
only  case  of  a  point  source  in  the  application  of  optics ),-  The  flux  stalking  the 
objective  of  the  telescope  as  a  parallel  beam  emerges  from  it  virtually  unchanged, 
add  on  condition  the  aperture  of  the  telescope  la  less  than  the  pupil  of  the  eye, 
is  received  entirely  by  the  latter.  If  me  use  D,  ^  ^and  to  designate  the  diam¬ 

eters  of  the  objective,  telescope  aperture  and  pupil  of  the  eye,  respectively,  the 
apparent  brightness  B*  of  the  star  is  related  to  the  true  brlchtness  B  as 


Ihls  ratio  is  not  a  function  of  the  diameter  of  the  exit  pupil  of  the  tele¬ 


scope. 

Ihus ,  the  brlchtaess  of  a  star  viewed  throu^  a  telescope  does  not  depend 
on  the  magnification,  but  merely  on  the  aperture  of  the  chjectivee.' 

*Thls  applies  to  a  case  in  which  Aj'^A^ihich  is  always  true  of  very  large  magnification. 
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It  is  true  i3»t  Iheee  argunente  only  hold  as  long  as  diffraction  la  unable  to  over- 
coae  Hie  gecnatrlc  effect.  Aa  aoon  aa  Hie  diameter  of  Hie  exit  pupil  becomea 
extremely  email,  the  diffraction  laaige  of  the  atar  acquiree  appreciable  angular 
dlnenalone  and  occuplea  a  fairly  large  area  of  Hie  obaerver$a  retlna>  In  thia  caae 
the  above  formula  ceaaea  to  a?  ,,  and  It  la  replaced  by  Hie  lam  of  variation 

In  illumination  in  Inverae  proportion  to  the  equare  of  Hie  magilf Icatlon .  Hence 
mhen  viewing  mery  bright  atara,  it  ie  poaelble  to  uae  ultra-hlc^  magnification  from 
the  point  of  view  of  lllumixiatlon  (althoue^  It  la  pointleea  to  do  ao),  alnce  there 
la  a  wide  margin  of  brlc^tneee,  but  In  the  caae  of  feeble  atara  Hie  uae  becoaiea 
harmful. 

In  the  aecond  cane.  In  idiidi  we  obaerve  bodlea  with  vlalble  angular  dlaamter 
through  the  teleacope,  according  to  Hie  general  theory  of  geometric  optica  Hie 
brlc^tneaa  of  the  image  la  equal  to  Hie  brlc^tneaa  of  the  object*  aa  long  aa  Hie 
pupil  of  the  eye  la  filled  with  lic^t.  Aa  aoon  aa  the  gmgniflcatlon  attalna  a 
value  at  which  the  exit  pupil  of  the  teleacope  la  equal  to  the  pupil  of  the  eye, 
there  la  an  reduction  in  Hie  vlalble  bric^tneaa  In  Inverae  proportionto  Hie  dia¬ 
meter  of  the  exit  pupil.  Certain  heavenly  bodlea  (the  aun^and  even  the  plaaita  and 
the  moon)  poaaeaa  auch  a  omrgln  of  brlc^tneaa  that  a  reduction  of  It  a  thouaand 
tlmen  (and  a  million  timea  In  the  caae  of  Hie  aun)  atlll  given  quite  a  brli^t  imge. 
!Diua|' we  could  <9  magilficatlon  of  aevemi  Hiow^d  tlmaa  and  atlll  view  Hie 

lamge  with  fair  degree  Of  brlc^tneaa .  It  la  only  the  weak  bodlea  (cometa  and 
nebulae)  which  prevent  ua  ualng  auper-large  mgnlficatlon  even  going  only  on]', 
cone Ideratl ana  off  brl^tneaa  of  image. 

Ihua,  we  come  to  the  oonclualon  that  for  aatrcAOmera  the  weakening  of  the 
apparent  brl{^tneaa  of  hee,venly  bodlea  (at  leant  in  moat  caaea)  la  no  Obatable  to 
euperHBajpilf  Icatlon . 

Ihla  can  eaally  be  derived  by  conquer laon  of  Hie  equation  for  a  conatant  flux 

e  m.e'^Bs  sin*  u  —  B's'sin*  u', 

and  Hie  Lagrange -HeihBholt  law 

''  $  $ln* «  -  s'  »ln*  It, 


from  which 


B'-a. 
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Qm  mum  thing  can  be  eaU  of  the  aicrMooplat,  for  at  Ilia  preaent  tlM  he, 
too,  haa  aaceae  to  auch  powerful  aourcea  of  Uf^t  that  he  can  afford  a  Mgnlflcation 
of  the  order  of  tena  and  oven  hundredc  of  thouaanda  of  time  wlHiout  aufferlng  tram 
a  defflclency  In  li^t. 

We  could  nake  further  attemits  to  explain  tiie  limltathn  on  uaeful 
BBgnlflcatlon  by  the  aberratlona  inherent  In  optical  ayateau,  but  It  la  eaay  to 
prove  from  the  exaaiple  of  parabolic  reflectora  corrected  for  aberratlan  (at  leaat  on 
the  axle)  that  the  explanation  ia  alao  Invalids 

Ohua,  we  have  eXhauated  all  the  poaaibilltlea  within  the  fraMwork  of 
geoawtrlc  optica  for  explaining  the  futility  of  auper^agniflcatlon,  and  bare  ahown 
that  the  real  cauae  of  tfala  phenonenon,  ap  dlaaatroua  for  our  attenpta  to  underataiid 
nature,  llee  elaeihere. 

In  the  middle  of  the  laet  century  the  well-known  French  phyalclata  Foucault 
conducted  a  aerlea  of  experlmenta  with  optical  Inatnnenta .  Foucault  used  apy- 
glaeaea  with  different  objective  dlaoetera  to  view  apeclal  drawlnga  (teat  objecta) 

In  the  form  Of  black  atrlpe  on  a  white  background,  Oheae  drawlnga  were  viewed  frca 
different  dlatancee  and  Foucault  k^t  Increaalng  the  diataace  until  the  Inagea  of 
the  atrlpa  Bwrged  Into  a  aolld  gray  backg;’'ound.  At  that  aoiwnt  the  spyglaaa 
waa  no  longer  able  to  ?reaolve"  the  atrlpe.  Ihe  angular  dlatance  between  two 
nel^borlng  attlpa  vlalble  from  the  objective  of  the  api^^laaa  was  termed  the  leaat 
reaoluble  angle. 

Foucault  caste  to  the  following  coDclualone : 

1)  every  teleacope  has  a  certain  minimum  reaoluble  angle  ' 

2)  the  angle  ^  does  not  depend  on  the  magnification; 

3)  the  angle  OC  is  only  related  to  the  diameter  of  the  objective  and  varies 

in  inverse  proportion  to  it,  according  to  oi  ei  120^,  where  (0  is  expressed  In  seconds 
and  B  in  mllimeters. 

Foucault  carried  out  hie  experiments  in  tbs  laboratory  and  atmospheric 
effects  were  therefore  ruled  out.  Ihe  test  objects  were  fairly  well  lll^^lllnated  and 
the  angle  aC  was  not  a  function  of  the  illvmlnation  of  the  object  within  wide  limits. 


63 


Thui,  the  fbctora  enunexated  above  cannot  explain  foticault'e  reiulte.  TlKtre  must 
thexafore  be  another  effect  ehlch  causes  liaages  to  blur.  IMs  effect  Is  the 
diffraction  of  llf^t  In  optical  syotesis. 

8ec«  2,  Mlcrostgucture  of  laage  produced  by  optical  system 

Geosetrlc  optics  Is  the  science  of  isages  produced  by  optical  systoss  anl 
is  In  fact  a  brandi  of  pure  oathenatlcs.  Qeonetrlc  optics  Is  based  on  the  concept 
of  the  llj^t  ray,  the  Pcnat  principle  of  the  shortest  path  of  a  ray,  and  the  postulate 
of  Independent  propac^tlon  of  ll^t.  The  entire  theory  of  laages  ani  to  a  con¬ 
siderable  extent  the  theory  of  optical  Instrments  are  based  on  these  tenets.  Aajls 
sell  knowi,  these  theorier  '^(6  fairly  veil  borne  out  by  fact.  If  ve  beep  to  the 
more  general  effects  and  are  not  carried  avay  by  more  exacting  experiments  (for 
example,  examination  of  stars  and  microbes  vlth  supertemsiificatlon) . 

No  matter  hov  small  the  discrepancy  betveen  theory  and  peactlce.  It  still 
Indicates  the  inaccuracy  of  the  funaamentals  of  the  theory.  The  principle  of  the 
ll{^t  ray  la  inaccurate;  the  postulate  of  Independent  rays  also  requires  more 
thorou^  analysis. 

Geonetrlc  optics  considers  a  ray  as  a  mathematical  line  or  Infinitely  thin 
tube  carrying  energy.  This  fiction  vas  essential  for  formulating  the  theory;  vlth- 
(ut  It  there  vould  have  been  major  aatheoatlcal  difficulties  vblch  could  hardly  been 
overcome, and  the  theory  of  Images  vould  never  have  seen  the  ll^t  of  day.  It  le 
better  to  formulate  a  simplified,  thou|^  not  antirely  strict  theory,,  and  then 
correct  the  inaccuracies  in  the  fundamentals  by  addlticms  and  corrections. 

For  Shat  is  coming  ve  vlll  need  to  rake  several  simple  experiments .  We  vill 
require  for  them  a  small  piece  of  thin  carfcgard  ^  poil  ) , 

a  razor  blade,  a  saving  needle  and  a  strongly  positive  lens  vlth  a  focal  distance  of 
2-5  cm. 

The  ll£^t  source  requires  particular  attention.  It  must  be  very  small  (of 
the  order  of  hundreds  of  a  mlllmeter)  and  at  the  same  time  brl^t,  since  it  Is  to 
be  vieved  by  means  of  very  fine,  and  therefore,  very  lov-pever  rays.  The  best  source 


is  the  image  of  the  aun  in  e  hlj^ly  pollehed  ball-b<Arlng  2  to  U  am  in  diameter . 

Aa  can  be  eeeily  calculated,  tiaie  image  ie  from  0.00^  to  0.01  imu  in  diameter,  and 
Its  bric^tneee  ie  many  times  greater  than  that  of  any  olher  easily  accessible  source 
(the  brlf^tness  of  the  sun  is  120,000  stllbs,  an  Incandescent  bulb  filament  300  > 
600  stilbs,  i.e.,  ^  -  200  times  smaller);  but  the  svn  is  not  at  our  beck  and  call, 
hidx  makes  the  experiments  very  difficult. 

The  following  contraptioh  oakes  a  good  source  of  llg^t  ^ig.  27).  Ihe  U^t 
soxzrce  A  (aa  incandescent  bulb  filament,  or  if  the  worst  ccams  to  the  worst,  a 
paraffin  lamp  flame)  is  projected  by  means  of  a  strong  condensing  lens  L  onto  a 
piece  of  thin  cardboard  or  foil,  in  ihlch  a  i/ery  snail  hole  O'  (preferably  not  more 
than  0.1  mm)  is  plereed  with  a  sewing  needle.  The  image  of  the  filament  A*  should 
not  be  unduly  reduced  In  size.  Hence  the  lens  L  dhould  be  placed  fairly  close  to 
the  bulb .  It  Is  on?iy  by  doing  this  that  the  hole  in  the  cardboard  0 '  can  be  filled 
with  li^t.  When  arranging  the  parts,  we  must  make  certain  thai  the  image  falls  on 
the  hole  by  covering  the  hole  on  all  sides.  Ihls  source  can  be  considered  a  point 

i'  f 

on  condition  the  observer  is  stationed  several  meters  away  from  the  hole  0*. 


A 

Fig.  27.  Source  of  li^t  for  observing  fraction. 

A  brlchtier  picture  can  be  chtalned  If  we  replace  the  point  by  a  slit,  but 
to  do  this  we  must  have  available  a  vacuum  Incandescent  electric  lamp  with  a 
strai^t  filament  or  a  paraffin  lamp  with  a  flat  wick,  and  the  plane  of  the  wick 
should  contain  the  axis  of  the  projecting  lens.  Ihe  slit  is  cut  In  the  cardboard  or 
foil  with  a  rasor  blade  or  else,  still  better,  can  be  formed  by  two  blades,  one  of 
which  can  move  about,  keeping  parallel  to  the  other  (F'ig.  28).  Ihis  makes  it  possible 
to  vary  the  wldl^^-  cf  the  slit  and  gives  us  an  idea  of  the  effect  of  the  width  on  the 
effect  in  question. 
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To  invMtlc^te  the  diffreetim  produced  hy  the  optical  eyetem,  vefneM^ 
a  teleacqpic  eyetem.  Any  pair  of  hlnoculara  (llieali^  hlnoculare  or  field 


glaceea)  elll  do,  or  elae  a  apy  cpAe*^  If  theae  Inatnaenta  are  not  aTallable,  It 
la  eaay  to  oake  onea  cvn  teleacope.  For  the  cbJectlTe  ve  can  uae  an  ordinary 
apeetacle  lena  from  2  to  4  poaltlve  dloptera  (for  long  si£Mt)  and  aa  the  eye  piece 
a  atrcngly  poaltlve  lena  vlth  a  focal  dlatance  of  2  or  3  cn.  It  la  atlll  better  to 
make  the  eye'^ piece  out  of  2  lenaea  with  focal  dlatancea  of  3  or  4  cm  each,  placing 
them  ae  ahovn  In  Fig.  29.  The  lenaea  are  put  In  a  cardboard  and  Inaerted 

In  two  tubea  (a  long  one  for  the  chjectlve  and  a  ahorter  one  for  the  eye  ple(:e)  ao 
hat  It  can  be  focuaed  on  both  distant  and  near  oToJecta . 


Fig.  28.  Arrangement  of  elite  for  obaervlng  diffraction. 


Fig.  29.  Diagram  of  two-lena  eye  piece. 

A  teleacope  of  thle  kind,  provided  the  aperture  of  the  objective  la 
dlaphq^0ned  down  to  2  -  3  cm  In  dlamsber,  it  enablea  ua  to  obtain  quite  good  Imagea  of 
heavenly  bodlea .  We  can  obaerve  the  lunar  circl,  Jbplter  and  Ita  four  aatellltea, 
tie  phaaea  of  Venua,  the  nebulae  of  Andromeda,  Orion  and  ao  on.  Given  a  focal 

I 

dlatance  of  30  -  100  cm  and  good  atmoapherlc  conditlona,  we  can  look  at  Saturn  and 

oat.  If  not  the  rlnga,  then  at  leaat  foxmationa  of  indiatlnct  ahape  flrat 

6S 
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noticed  by  Galileo  throui^  a  teleecqpe  of  nich  the  eeme  quality.  Ag  le  veil  knovn, 
Galileo  died  vlthout  ever  finding  out  vbat  theae  famatlong  vere.  The  main  reaeon 
for  poor  iwgea  la  a  phenomenon  ehlch  ve  vlll  nov  study  on  an  experimental  level;  It 
la  the  phenomenon  of  diffraction/ 

Dlffxmctlon  can  be  demonstrated  by  the  following  very  simple  experiment.  If 
ve  look  at  a  lualnoua  point  (the  sun's  Image  obtained  by  the  above^escrlbed  method 
In  a  veil-polished  ball>bearlng*)by  placing  a  piece  of  cardboard  vlth  a  tiny  opening 
(not  more  than  0.1  nm)  In  front  of  the  eya,  Instead  of  the  point  ve  see  a  large 
vhlte  circular  spot  encircled  by  rings  alternately  dark  and  llj^t  colored.  If  ve 
look  at  the  point  throu^  holes  of  different  slses  (the  else  of  the  hole  can  be 
fiApiA  lay  inftMwg  at  It  ac^lnst  the  brl{^t  sky  or  a  brli^tly  Illuminated  Sheet  of 

vhlte  paper)  using  a  strong  magilfylng  glass,  the  magnitude  of  the  spots  and  rings 
varies,  a  smaller  opening  producing  larger  ones.  It  Is  nov  easy  to  understand  idiy 
Images  are  not  sharp  at  super •hl^  macplflcatlons,  l.e.,  at  extremely  small  exit 
mmlls.  since  vbat  ve  have  seen  is  merely  an  Image  of  the  point  in  an  instx^iswnt 
(the  human  eye)  vlth  a  very  small  pupil, 

Hov  a  fev  words  about  the  theory  at  the  phencmenon  observed.  The  fundamentals 
of  the  theory  can  be  demonstrated  by  Img's  very  simple  experiment  which  can  be 
carried  out  in  the  following  way.  Two  thin  parallel  slits  are  cut  vlth  a  rasor  blade 
In  a  piece  of  thin  cardboard  or  foil.  Ihe  width  of  the  silts  should  not  be  more  than 
0.1  nm,  and  the  distance  between  them  should  be  0.2  >  0.3  am.  A  luainous  point,  or 

better,  a  silt  (sore  llc^t)  Is  rleved  throuf^  these  silts,  and  the  direction  of  the 

» 

Other  sources  described  above  are  considerably  weaker  ,  but  given  a  hl|^  degree  of 
accuracy  and  a  lot  of  patience,  they,  too,  produce  good  results.  If  the  experiment 
daes  not  work  vlth  the  point,  ihlch  may  happen  when  the  lij^t  source  is  very  weak,  it 
should  be  replaced  by  a  slit  and  illuminated  with  the  Image  of  a  lamp  filament  or 
other  Source,  and  observed  throu^  a  slot  not  more  than  0.1  -  0.3  nm  In  width. 
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two  parallel  sUta  ahouli  be  parallel  to  the  li{^t  source  silt.  We  aee  cloaely 
spaced  strips,  alternately  bright  and  dark  parallel  to  Ihe  direction  of  the  slits. 
HSis  less  the  distance  betseen  the  silts,  the  elder  the  strips  appear. 

The  es^lsaatlon,  first  given  by  Fresnel,  Is  as  follow.  Each  point  on  the 
Kurce  radiates  vibrations  propac^ted  In  all  directions  In  the  sane  vay  as  a  stone 
thrown  Into  a  pool  of  eater  causes  eaves  on  the  surface ^spr^.  In  circles,  the 
center  of  ehich  is  the  point  where  the  stone  strikes  the  eater.  Bach  point  ehlbh 
has  bean  reached  by  a  wave  Is  Itself  set  In  vibratory  motion  and  tranaalts  the 
vibration  to  all  points  around  It.  The  undular  notion  is  propagated  In  this  way 
by  transference  frcsi  point  to  point.  It  Is  hsportant  to  note  that  each  point  here 
Itself  becones  a  source  of  vibrations  (the  Huygens  principle). 


0 

Fig.  30.  Yung's  e^cperlment. 

Let  us  further  assime  that  using  the  stream  P  (Fig.  30)  with  two  narrow 
s  lite  and  B2,  we  have  absorbed  all  the  vibrations  except  for  those  passing  throu^ 

the  silts.  The  mosnnt  the  vibratory  pulses  reach  them,  these  slits  benosn  Independent 
sources  excited  (or  sustained)  by  the  same  source  A.  Any  point  beyond  the  screen 
receives  two  vibratory  impulses  of  equal  amplitude  at  every  mmeut  (on  condition  the 
Blits  are  the  same  width).  At  the  pints  where  the  difference  in  b^vlor  of  the 
vibrations  is  equal  to  a  whole  nvmber  of  wavelengths  and  C^) 

(*—  Integer) 

the  lnqiulses  are  added  up  and  li{hb  is  observed;  at  points  ihere  the  dlfferenle 
is  an  odd  mmber  of  half -waves, 

A  =  1)4. 

the  impulses  are  subtracted  and  their  sum  is  sero,  l.e.,  there  Is  no  Hcht^  (points 


Cf 

C2  uA.  C4) . 

Siaple  calculAtlonf  ■how  Hamt  tho  B»4nos  (A>i0rvwd  ^rMnol  IhuiAs)  ar«  equal 
distaaeea  apart.  Ouilr  wlAtli  la  iaweraely  proportional  to  the  dljtanee  between  Hm 
•tripe  (B.B.)  and  directly  proporti^l  to  the  wayelengUi  of  the  rlbratlon  \  and  the 

dlitaace  between  the  polnta  C  and  Ihe  Li  cs.  Hence,  the  experiaenta  with  the 
apertuaa  la  aore  eff ectlYWr ^When  the  elite  are  cloaer  together.  Sie  aource  and 
■llta  ahould  be  extrcaely  narrow  or  elae  the  pattern  la  blurred. 

It  ahould  be  pointed  out  that  thia  phencmenon,  known  as  Interference,  la 
only  dbaerved  ihen  the  two  aoureea  and  B^  onlt  vlbratlona  with  a  tlae-conataat 

phaae  difference,  or.  In  other  wcrda,  when  they  are  coherent.  Hence  they  ahould 
be  excited  by  the  aane  prloary  aouree.  In  thla  caae  the  lualnou|  point  A. 


Fig.  31.  Huygena-Freanel  principle. 

If  the  acreen  la  lit  by  two  Incoherent  aoureea,  there  la  no  conatant  difference 
in  behavlar  at  poiata  on  the  aCreen  and  the  Interference  banda  do  not  occur.  In 
everyday  life  we  encounter  noncoherent  aoureea  almost  exclusively.  Hence  interfer¬ 
ence  la  only  observed  in  exceptional,  artificially  produced  cases. 

Fresnel  made  a  bold  generalisation,  brilliantly  borne  out  in  practice,  to 

supplement  hla  explanation  of  interfereore ,  and  indicated  a  method  of  calculating  the 

lUumlnatlon  of  any  infinitely  mail  area.  He  proc&ed  on  the  assumption  that  all 

infinitely  small  elements  A  S  (Fig.  31)  on  the  wave  surface  S  send  impulses 

characterized  by  emplltude  and  ptiaae  to  the  point.  Ibe  vibrational  state  of  the  point 

F  (or,  more  exactly,  the  amplitude  of  the  vibrations,  the  square  of  ^Ich  deteznlnea 

the  illumination  at  point  P)  is  calculated  as  the  sum  of  all  the  impulses,  taking 

both  amplltuie  and  phaae  into  account}  more  briefly/  according  to  the  rule  of"  the 
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a&iitloa  of  rector*,  -ttM  abeolute  ^lue  of  tiAilch  ii  eqwl  to  the  ai^lituie,  and  tiie 
direction  la  detaxmlnad  by  tha  jhan.  A  nora  datalled  account  of  tha  Huygana^aanal 
prlnclpla  (ahldx  tha  abora«foxBiuliitad  rula  le  conrent^.ohal3.y  termed)  vlll  ba  given 
fur-thar  on  (Ch.  V,  Sac.  2). 

Allhoac^  tha  prlnclpla  la  alatpla  In  theory,  Ita  application  inrolrea 
extremely  cuabaraoma  ealculatlona,  aren  In  lha  aimplaat  caaaa. 

Let  ua  eonaidar  eona  Important  caaaa  of  practical  Intaraet  to  ua.  Wa  v^  ll 
aaauM  In  ao  doing  that  -iha  U^t  aourca  le  a  point  located  at  a  long  dlataace 
(compared  vltb  the  else  of  tha  aperture  In  ihe  acraen)  from  tha  entranca  pupil  of 
-Qie  optical  ayBtem(or  acraan  aperture). 

1.  Ihe  aperture  In  the  acraen  la  extremely  amall  (fractlona  of  a  uare- 
langth  of  the  order  of  a  tenth  of  a  micron  or  laee).  Qve  vlbrationa  from  tha  aource 
reach  the  aperture  In  single  phaaa  and  move  on  to  any  point  (P^,  Pg,  P^,...)  vlth- 

ottt  any  appreciable  phase  difference  on  accomt  of  tha  vary  small  slaa  of  the 
aperture  (Fig.  32).  Hence  niAihara  do  the  liq^ulaec,  compensate  eadi  other,  and  tha 
entire,  space  on  tha  rle^t  hand  side  of  the  screen  la  flooded  alth  Ug^t,  as  thou^ 
the  opening  Itself  mere  the  source;  this,  Incldently,  follows  from  the  Huygens 
principle.  In  this  case  there  1*  no  Image. 

Exactly  the  same  effect  la  produced  by  the  extremely  luumll  point  (of  the 
same  site  as  the  hole  In  the  screen)  lit  from  afar  from  a  point  source.  Ihls  case 
Is  particularly  Important  and  is  the  bBatS''of  ultrSHnlcroscopy. 

2.  Ihe  second,  special  cage  is  important  for  the  theory  of  the  microscope. 

Let  us  consider  a  diffraction  grating,  i.e.,  a  nvaher  of  transparent 

slia  (lines)  sepaxatsd  by  opague  lines  of  equal  thlclsiesa.  Ihe  nraber  of  lines  per 
mlllmeter  Is  Very  great  (several  hundred).  Vhen  a  coherent  beem  of  ll^t  Impinges 
upon  the  grating,  the  rsya  are  scattered  In  all  directions  and  Interfere  with  each 
other.  Here  the  luminous  energy  Is  only  propagated  In  directions  for  which  the. 
vlbzatlanal  phases  are  equal  or  different  by  a  whole  nurber  of  periods. 

Fig.  33  shows  a  case  In  which  the  phase  difference  between  nel^borlng  rays 

is  equal  to  the  period,  while  the  dif f erence  flV~equal  to  one  wave.  Ihe  beam 
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Pig.  52,  Dijffwictlon  by  a  tiny  opening, 

impinging  tipon  ihe  grating  is  broken  up  into  a  spectrum.  As  a  result  several  beams 
broken  up  into  a  spectrum  emerge  from  the  grating,  nie  lero-oar&er'.  spectnio  is 
perpendicular  to  the  plane  of  the  grating;  the  spectre  of  the  first  order  formed 
by  beams  vhose  phase  difference  is  equal  to  one  period  form  a  fan  of  parallel 
monochrcmatic  beams  on  both  sides  of  the  sero;  spectra  of  the  second  end  third 
orders  and  so  on  emerge  at  ever  larger  angles. 


Fig.  53.  Diagrem  of  diffraction  grating, 

Ohus,  in  its  effect  on  the  parallel  beam  incident  upon  it,  the  grating 
is  similar  to  a  prism,  but  produces  several  spectra  rather  than  Just  one*. 

If  there  is  an  objective  behind  the  grating,  the  beams  gather  at  its  focal 

plane  In  the  form  of  plane  spectra,  the  n\miber  of  the  latter  being  increased  vlth 
the  angle  at  vhich  the  objective  is  visible  frcan  the  center  of  the  grating. 
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3.  nie  IMzd  caae,  iiblch  Is  the  opposite  of  the  first  one  and  only  of 
Ibeoretloal  Interest^  Is  unresllsahle}  It  Is  llie  case  of  a  ccsipletely  unrestricted 
beam  cBd.tted  by  a  point  lunlnous  In  all  directions.  If  the  point  Is  situated  Intiie 
focus  of  a  solid  eSLptic  alrror,  an  Inage  In  the  form  of  a  point  vlthout  any 
diffraction  rings  is  formed  in  the  second  focus  of  the  ellipse.  UnfortuoateiLy,  it 
is  not  possible  to  have  this  ideal  laage  since  In  order  to  see  it,  ve  vould  bave  to 
break  up  the  mirror  In  some  nay  at  disturb  iiie  path  of  the  rays  In  it  -  but  -Oien 
there  nould  inevitably  be  diffraction.. 

Ihe  first  case  bonsldered  related  to  pure  diffraction  ih.lle/lhe  second  case 
diffraction  nas  totally  eliminated. 

Cases  occurring  in  practice  are  Intermediate  between  the  two  eztreaies.  Ihere 
sir  A  NATune 

la  an  Images  but  it  ia^ultefdlfferenljT  it  is  by  no  means  lAat  we  are  used  to  from 
our  tsKjfcooks  on  geaaatrlc  optics. 

!Ihe  Imags  in  the  sense  in  idilch  it  is  understood  in  geometric  optica  shoiild 
Increase  in  sharpness  as  the  diameter  of  the  entrance  pupil  is  decreased. 

In  actual  fact  diffraction  causes  the  opposite.  !lhere  is  increased 
dispersion  of  the  rays  with  reduction  of  the  pupil;  at  very  small  apertures,  the 
Isage  of  the  point  becomes  a  large  spot  surrounded  by  complicated  diffraction 
patterns.  Ihe  appearance  of  this  pattern  depends  on  the  shape  and  else  of  the 
entrance  pupil;  it  is  effected  as  well  by  objects  in  the  path  of  the  rays.  For 
example,  the  thin  stays  by  which  the  plane  Newton  mirror  is  attached  to  tbs  reflector 


As  is  known  from  the  elementary  theory  of  the  diffraction  grating,  the  mmiber  of 
spectre 


where  d  is  the  dlsteuxe  between  the  lines  (constant  grating)  and  X  is  the 


wave¬ 


length  of  the  diffracted  11  ^t. 
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7  5 

produce  laegee  of  etare  vltb  a  nvnfcer  of  talla  atleking  out  In  different  dlrectlaie 
fron  Hie  central  epot.  A  cloae  medh  grid  placed  In  front  of  tke  dbJectlYe 
appreciably  ecattere  llc^t  and  a  vlihy'^ehy  laage  le  obtained.  Aotogiapbere  mate 
uee  cf  -this  to  produce  softer  photographs. 


Fig.  34.  Diffraction  lange  of  point:  a)  general  vlee  of  diffraction  pattern^ 
b)  eurre  shoving  distribution  of  lUualaatlon  along  line  00'  ihrouc^ 
center  of  Imge. 

Uhe  ccBBoonest  shape  used  for  entrance  pupils  In  optical  sjfstens  Is  the 

ii(kT 


circle.  Theory  and  practice  show  that  In  IhlJ  case  ihe  A/  (provided  there 

Is  no  aberration)  takes  the  shape  of  a  circular  spot  surrounded  by  alternating 

black  and  vk/ite  rings  (Plg.  3^).  ^  he  redlus  r  of  the  central  epot  can  be  determined 

by  the  eiuatloD  33  ^ 

*'^=‘5sr’iiS7P=o>®‘iiinp' 

(11) 


ihere  \.  Is  the  varelength  of  the  been,  u'  le  the  angle  at  vhlch  the  radius  of  the 
exit  pupil  Is  risible  from  the  laage  of  the  point  F'  (Pig.  35). 

If  the  entrance  pupil  is  eqtsire  In  shape,  the  Image  of  the  point  takes  the 
form  of  a  central  square  aurrounded  by  other,  considerably  veaker  sqwres. 

A  vonderful  pattern  le  (htainsd  vhsn  the  entrance  pupil  takes  the  fom  of 
tvo  circles  A  and  B  (Fig.  36)  a  short  distance  apart.  The  pattern  Is  the  same  as 
for  a  single  circle,  except  that  It  le  streaked  vlth  dark,  c].oBely  ad  Joking  bands 


7  3 


4 

•od  pwpwAleulftr  Hast  Jolnigiis  Ibe  e«nter%  of  -Qift  circlAs.  Qm  ten&t  are  mte 
Young's  Intefeirenoe  frlngee^  and  the  levs  governing  Ihe  distance  hetveen  them  are 
12m  saas  as  those  established  by  ^resnel  for  Young's  fringes.  Here  ihs  role  of  1he 
slits  Is  pla^  by  the  tiio  circles  A  aril  B . 


^Ig*  35*  Bstexnlnlng  Ihe  aperture  angle  u'. 


Ihis  effect  can  be  produced  by  means  of  Ihe  hone-asde  device  described 
above,  althoucli,  admittedly,  in  a  different  foa^ehich  does  not  require  a  particul¬ 
arly  briclit  source.  Ihe  source  is  a  iMn  slit  (O.l  -  0.3  ■&)  illuminated  by  the 
Image  of  a  fl lament  or  aplal  in  an  electric  bulb,  or  if  the  vorst  cobbs  to  the 

J 

vorst,  a  paraffin  lamp  elck.  A  diaphraga  elth  teo  rectilinear  slits  (Fig.  37) 
ehlch  are  such  that  their  image  fits  completely  into  the  pupil  of  Ihe  eye  and  Ihe 
mdth  of  each  inmge  does  not  emceed  0.3  •  0.4  ma  is  placed  in  the  telescope  in 
front  of  the  objective.  Ihe  slits  are  parallel  to  the  source.  Ihe  telescope;, 
particularly  if  magalflcatlcn  is  large,  must  bo  kept  still  and  correctly  focused. 
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i.d.^  tbe  loagei  fomed  liy  ISw  allta  nnt  coItkIAs.  It  !•  tbiti  poatlbls  to  fee  Ifao 
Imga  of  tiM  allt  ibroalaed  vltb  oarrov  latexferance  bacda  in  lb*  telOBcopo. 

lIlMise  exsaplef  are  oonrLneiag  proof  of  ibe  traaeiiloua  variety  cf  diffraction 
patterns  dbtainsd  different  slupes  of  Ihe  cEAreace  pupil.  Ihe  Aberrations  era 
not  taken  Into  account  here:  it  is  assnsed  Ibat  Ibere  are  none.  !Diis  assuevt^n^ 
Incidently,  is  ^te  legitisate  for  astrononlcal  reflectors  or  hlfb-poser  aiero* 
ectqpes,  but  not  for  photOi^Eephic  lenses:  Ibe  latter,  vhlch  hare  large  relative 
apertures  and  considerable  angles  <snnot  be  sufficiently  correct/Tor  aberration. 

All  these  A  Kg  1/ ME N  can  be  easily  eheckii^  experlawntally,  using  Ibe  very 
siaple  set  of  optical  parts  described  above.  Aaailngly  beautiful  aal  varied  effects 
can  be  obtained  vilb  a  little  accwacy  and  inventiveness*. 


fig.  37.  Diaphragm  with  two  rectangular  allta 
for  observing  Interference 


On  accost  of  1beir  lialtsd  slse  and  the  diffraction  Ibey  cause,  optical 
ayatens  distort  the  Smge  of  a  point.  But  a  point  is  oK^eienentf  ibe  sum  dP 
Uhich  nake  up  any  object  viewed  ibroueb  optical  ayaten.  If  the  point  is  re¬ 
produced  Incorrectly,  any  object  elll  be  distorted  as  eell. 

let  UB  consider  ibe  iaage  of  ibe  next  slapleSt  object  after  a  point  -  tvo 
points  of  equal  briebtness,  for  e»qile,  two  starw  of  ibe  saw  nagnltuie  (astroncwrs 
used  the  word  sagnltude  of  a  star  to  mean  its  brl^tness)*.  Ibe  teo  points  send  out 

incoherent  Uebl  beeas,  l.e,,  ones  wblcb  do  not  Interfere  viib  each  other.  HenCe 
- - - 

Ihoee  interested  can  find  details  in  spcclaliied  literature,  for  exaaple:  R. 

Wood,  Ibyslcal  Optics,  OUTI,  1936;  A^.  Mtykel'aon,  Research  in  Optica,  1988. 
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la  oxAsr  to  lUuadaato  a  point  P  la  tixe  focal  plane  of  the  objective  Ihrou^  ^di 
botii  etara  are  belag  viewed,  we  have  to  add  the  lUunlmtlonB  produced  at  thla 
point  by  bo^  beaiM.  tte  lllualnatloaa,  of  courae,  are  dlffeient;  they  are  *«vtn 
f  roB  He,  3k,  the  pcaltlcn  of  point  P  with  reapect  to  the  centera  of  both  irngm 
being  taken  into  account. 


Fig.  38,  Cwve  ahowlag  dlatrlbutlon  of  lllmlnatlon  at  different  dlatanBea 
between  centera  of  Izngea  of  two  lunlnoua  polnta. 

Fig,  38  ahowB  curvea  for  the  dlatrlbutlon  of  the  total  lllmlnatlon  aa  a 
fUKtlcn  of  the  poaitlon  of  P  on  a  line  Jolnlc  the  center  of  the  laegea.  Fig. 
ahowa  a  caae  In  idilch  the  dlatance  of  the  centera  of  the  Ittgea  d  la  leas  than  the 
Bdlua  of  the  lljht-colored  apot  r,  and  Fig.  38b  ahowa  a  caae  In  ihlch  d  >  r.  In 
the  flrat  oaae  the  eye  can  only  dlatlngulah  one  ccntlnucua  apot  encircled  by  rlnga; 
the  (haerver  thlnke  that  he  can  only  aee  one  atar .  In  the  aecond  case,  there  la  an 
Vpreclable  dip  between  the  two  unxlnB,  ihe  obaerver  can  dlatlngulah,  or,  more 
emctly,  he  hnagnea  that  there  are  two  ataie.  It  la  aaid  tint  the  objective 

ocCTTo  Jixm  r^  d,  tht  objective  reaolvea  aM  r  la  de- 
temlned  by  Eq.  (ll)  . 


If  D  la  the  diameter  of  the  objective  and  f  Ita  focal  dlatmice,  then 


-  Or  sure  exactly,  the  quantity  deacrlblng  the  Illumination  produced  by  the  atar 
on  the  earth'a  aurface. 
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Ob  'Oi*  otiier  bM3&; 


rf=/«, 


iter«  0(  It  ^3x9  aaguUr  dittaaee  'betvatn  tvo  stars  1b  radians.  Hhus,  se  get 

d^fa-^r,  HJiH 

f  roK  lixlch 

(12) 

Shifting  from  xsidlaas  to  seconds  of  an  arc  by  a  reduction  of  206,000  times 
and  by  r^laclng  X  earcJengiai  cf  green  ll^t  (  X  -  0,00056  m),  ee  get 

®  ^  ’g"  •  (l3 ) 


An  dbjectlve  iilth  a  diameter  of  l40  na  resolves  tvo  stars,  the  e^gnlar 
distance  between  vhlch  Is  not  less  than  1”  (provided  the  two  stars  are  of  the  seme 
mgnltule).  Our  eyee  are  also  an  optical  Inetrunent,  the  diameter  of  the  aperture 
of  nhldi  ranges  between  2  na  (in  brl^t  lig^t)  aM  8  na  (in  darkness).  Ibe  least 
resolveble  angular  distance  (for  tvo  points)  for  a  diameter  of  2Bm  is  appr oxlem te ly 
1* .  However,  it  cannot  be  greater  than  one  minute  In  this  case  on  accotnt  of  the 
peculiar  structure  of  the  retina  (there  are  sqse  special  cases  In  vhlch  It  Is  as 


as  10"). 

Simple  calculations  similar  to  those  vhlch  ve  nade  for  spy  glass  objectlv’es 
enable  us  to  calculate  the  least  resolvable  linear  distance  5  for  microscopes.  Ve 
get 


« =  0,61 


n  sin  u 


:0,61 


(14) 


where  u  Is  the  aperture  angle  formed  with  the  axis  by  the  marginal  ray  Impinging 
upon  the  microecope  ohjectlve,  and  n  Is  the  refractive  Index  of  the  mediun  In  iddch 
the  object  Is  Immersed;  the  quantity 

->  n  sin  u 

Is  tented  the  nimmrlcal  aperture  of  the  microecope. 

Equation  (l4)  only  relatea  to  the  Rayleigh  encountered  case  of  eelf-lumlnous 
dbjecta  (inciUideecent  bodies).  We  usually  deal  with  objects  Illuminated  by  a  lt,ght 
source.  Ihe  object  radiates  more  or  less  coherent  beams  according  to  the  type  of 

I 

Illumination. 
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Qie  proiblsm  of  tbe  resoHriog  power  preiente  trcuBodoue  difficulty  In  Ibe 
genexel  ease  and  has  not  so  far  been  solved,  al-Oiou^  one  particular,  fairly 
Important  case  considered  hy  Ahbe  Is  simple  to  solve,  nils  particulAx  case  Is 
iaportant  from  -Oiepint  of  view  of  principle,  and  Its  practical  interest  Is  by  no 
means  as  unljsportant  as  It  has  become  fashionable  to  liilnk.  We  will  -liierefare 
dwell  for  a  moment  on  Abbe's  theory.  It  only  applies  to  objects  wllii  a  IMn 
periodic  Structure,  for  ensmple  dlatojis  (a  kind  of  fine  seaweed),  whldi  are  of 
interest  by  Ihenselves  for  Ihe  reason  that  -they  are  used  to  assess  -Hie  quality  and 
resolving  power  of  microscopes  on  account  of  -the  extremely  fine  nature  of  Ihelr 
scales^^ 

For  the  sake  of  slsplltlty,  Abbe  considers  as  dbject  a  dtffmctlon 
grating  R  (Fig.  39) t  Illuminated  by  a  coherent  source  placed  at  the  focus  of  the 

p 

collmat^r  L.  As  was  described  above  (p.  90),  the  diffraction  spectra  S^,  S^,..., 


arc  produced  In  the  fe:r:;al  plane  of  the  objective  they  play  the  part  of  second¬ 
ary  coherent  sources*  Ihey  emit  vlbiatlane  which  Interfere  with  each  other ,  ae  a 
result  of  wlilch  the  pattern  R*  Is  formed  In  front  of  the  eyepiece  and  is 

perceived  as  the  Inaege  of  the  grating  R. 

Cslculatlons  show  that  the  greater  the  nuiher  of  spectra" in  the  focal 
plane  of  the  dbjectlve,  the  better  the  Image  Is.  Bie  nuoher  of  spectra  Is  In¬ 
versely  proportional  to  the  distance  between  the  lines  snd  the  greater  the  uunerlcal 
apert^e  of  the  microscope,  the  more  spectra  there  are.  There  mvmt  be  at  least 
tw^  spectra  for  the  Image  structure  enabling  us  to  count  the  nuher  cf  lines  to  be 
visible.  there  Is  one  spectrum,  we  only  bbtaln  a  gray  background,  and  the 
microscope  does  not  resolve  It.  According  to  this  theory,  ihcn  the  lumlnation 
Is  perpendicular  to  the  plane  of  the  grating,  the  least  resolvable  distance  Is 

But  If  we  epply  lndlrect(Ivnination,  l.e..  If  the  parallel  lllualxatlng 
beam  Impinges  upon  the  grating,  forming  en  angle  equal  to  the  aperture  angle  of 
the  objective,  the  resolvli^  power  of  the  microscope  is  doubled  on  account  of 
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Pig*  39*  Qxeory  of  reaolvlQg  power  of  microscope  for  periodic 
structures  (point  source). 

doiiblisg  of  the  pfaese  difference 

x 

(life) 

In  this  caso  the  least  resolimhle  distance  Is  only  sli{^tly  less  than  fcr 
•If-lminous  bodies. 

Let  us  dbserve  the  following  feet:  If  the  light  source  located  at  the  focus 
of  the  objective  possesaes  finite  dimensions^  the  results  of  Abbe's  theory 

sanain  wild.  In  particular,  in  the  case  of  a  microscope,  the  lif^t  source  is  the 
opening  00^  (E'ig.  hO)  cf  the  iris  located  at  the  focus  of  the  condenser  K,  ihlch  in 

the  given  case  plays  the  part  of  the  collisater  objective.  Ihe  spectra  are  the 
Images  O'O*  ,  0"0'',  etc.  of  this  opening,  produced  by  the  objective  L  of  the 
microscope  in  its  focal  plane  F*.  Ihey  are  circular  in  their  form.  The  spectnaa 
flnmed  by  the  rays ,  the  phase  difference  between  which  is  equal  to  sero^  Is  the 
brightest  and  has  no  colored  fringe. 

The  degree  to  which  the  concept  of  the  object  Isstge  is  conditional  ihen 
the  Instnment  operates  at  the  limit  of  its  resolving  power  is  shown  by  Abbe's 
e:Q)eriment  for  an  lllmalmted  gzatlng,  which  has  been  reproduced  by  Academician 
Memdel'shtan  for  a  self-luminous  grating  Just  as  successfully.  If  we  place 
several  thin  bands  at  the  rear  focus  of  the  objective  at  the  point  ihere  the 
spectra  are  formed,  we  see  completely  different  Images  throu^  the  eye  piece,  for 
exeunple,  images  with  a  double  number  of  lines. 

Accordlixg  to  the  tiieoxy  of  geooetric  optics,  these  bands  should  not  have 
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any  effect  on  the  lioage,  but  Abbe's  theory  tpcplslni  the  distortion  t  since 

the  reduction  In  the  nuifcer  bf  spectra  Increases,  as  In  Young's  esperiasnt,  the 
niatber  of  dark  and  U^t  colored  fringes. 


Pig.  40,  Theory  of  resolving  power  microscope  for  Btruc«'hres 
(power  of  finite  dimensions) 

Having  ccncluded  the  matheontlcal  and  rather  tentative  aspect  of  the 
prdblem  af[lMolvlng  power  of  an  optical  instrunent,  we  will  now  deal  in  greater 
detail  with  the  heart  of  the  matter. 


Sec.  4.  Optimal  namlflcatlon  of  optical  systans 
Bverythlng  that  has  gone  before  suggests  that  for  every  optical  systen 
there  Is  an  optiaal  magnification  (efficiency).  Indeed,  at  excessively  nail 
nagnlfication,  the  eye  Is  not  in  a  position  to  distinguish  excessively  small 
detallsi  when  the  sagniflcatlon  Is  too  hleh;i  ve  can  only  see  a  blurred  pattern, 
further  complicated  Iny  diffraction  conflguzatlcnB  ihlch  have  no  relation  to  the 
Object  being  viewed.  How  can  we  select  the  optmvm  ma^lflcaticn  In  each  case. 

Naturally,  It  should  be  established  on  the  basis  of  the  properties  of  eyes. 
All  the  possibilities  of  the  human  eye  should  be  exploited  here.  The  least 
angular  resolvable  distance  for  the  eye  is  1'. 

Consequently,  the  efficient  nagatflcatlon  is  one  at  which  the  least 

resolvable  distance  Is  seen  at  an  angle  of  1'  after  magnlficatltxi. 

j 

Let  Tis  first  consider  some  telescopic  aysteou.  Let  be  the  least  re- 
solvable  angle  of  the  objective.  It  Is  determined  from  the  equstlon  (13) 

«-iy  • 

The  magnification  of  a  system  throu^  which  Is  visible  at  an  angle  of 


60"  Is 


^  60  600  D 
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ani  ve  arrlTS  at  a  simple  rule!  Ilie  optimum  magilf  Icatloc  of  a  teleseqplc  s^tem 
U  Is  -Uie  aacpilfloatlQn  at  iftilck  the  llameter  of  the  exit  pupil  Is  2.3  no. 

IsAeed,  the  diameter  of  Ihe  exit  pxqpll 


consequently 

T=^  H  Zy*=2,3  mm 

Let  us  round  off  Ifals  fi^pire  to  2  on. 

At  tiilB  aasilflcatlon  the  exit  pupil  of  ihe  telesccplc  s^tem  is  the  same 
as  -the  pupil  of  the  hTsaan  eye  (in  daylight).  Ihde  kills  two  hlz'la  vllh  one  stone: 
ve  hare,  first,  maximal  nagnif  ieatlon  at  ‘lihldi  ihe  diffraction  image  of  the  point 
Is  still  percelred  as  a  point,  and,  second.,  Ihe  greatest  posslbie  hrli^tness  of  the 
±00,08  for  all  heavenly  bodies  (at  lover  maegiifl&atlon  the  briefness  of  stars 

\ 

suffers,  and  at  greeter  nagalflcatlcn  the  brl^lamss  of  comets,  planets  and  other 
bodies  visible  at  an  angle  dlfffficent  from  sero  suffers).  For  example,  the  useful 

•T' 

magnification  of  the  objective  in  the  large  refractor  at  the  Pulkovo  Observatory 
Is  800/2  ItOO.  For  blnodulars  vith  30Hma  aperture  the  ueeful  magnification  is  15. 

In  actual  practice  there  is  deviation  from  tfaes  rule  in  both  directions. 

When  It  Is  desirable  to  "squeese”  everything  possible  out  of  the  iBStruaent,  ve 
have  to  c.of<6eNrto  greater  magnification  than  the  rule  suggests .  Dothling  or  even 
(in  rare  caeee)  quadrupling  the  rational  figures  may  be  of  benefit  since  it 
facllltatee  dletinc^lehlng  between  dbjecte  and  reduce!  the  strain  on  the  eye. 
Astronosiers  often  resort  to  this  step  lAleh,  If  taken  without  due  caution,  may  ^ 
Mult  in  Incorrect  conclusions.  By  over-rating  the  poeelbllltlaB  of  his  Instrument, 
an  astronoemr  often  tends  to  mistake  the  pattern  due  to  diffraction  and  other 
qptlcal  Illusions  for  reality.  Many  discoveries  on  the  surface  of  the  moon  aid. 
planets  were  proved  mere  myth  as  soon  as  more  powrful  telescopes,  l.e.,  ones  vlth 
a  greater  objective  diameter,  be^  to  appear. 

[Qie  history  of  the  discovery  of  "canals"  on  Mars  Is  par t; .Ocularly  Instrurtlve. 
Obey  vere  first  discovered  by  means  of  small  telescopes,  and  vhat  Is  especially 
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curious,  be0Bai  to  disappoar  as  dbservers  used  larger  and  larger  dbJectlTes.  When 
viewed  -liirou^  large  telescopes,  no  dieanels  are  visible.  Admittedly,  ve  cannot 
assert  that  tbs  canals  are  due  entirely  to  diffraction:  for  Hxe  aosmit  there  has 
been  no  reliable  explanation  for  The  most  likely  explaoaticn  is  an  optical 

Illusion  by  vhlcb  a  Tge  nuBfcer  of  granular  fomatlcns  In  mere  or  less  tandem 
arra,.'i!mi^  produce  ilie  Impresslen  of  a  network  of  stralj^it  lines  eben  viewed  from 
a  distance.  It  is  possible  that  diffraction  aleo  plays  quite  a  part  In  Ihls 
(ptlcal  Illusion,  since  under  car  tain  circumstances,  often  encountered  In  astronomical 
dbservatlon,  point  Imsges  are  elon^ited  into  lines  iiirou^  diffraction.  It  Is 
qjtlte  possible  that  by  using  a  low-dlmaeter  telescope  and  Awploylng  greater  wmgal- 
'Icatlon  than  the  ‘telescope  can  cope  vlth,  ‘the  observers  S‘buinbled  on  lnten8i‘ve 
diffraction  effects. 

Ano‘ther  example  of  an  optical  illusion,  this  time  undoub-tedly  due  te 
diffraction,  is  tee  volcano  on  Mercury,  teldi  shows  tp  against  tee  dark  disc  of  tee 
planet  as  a  brlj^t  spot  Uhen  Mercury  passes  In  front  of  tee  sun.  It  has  been  Wbewn 
ecperimen‘tally  teat  the  brlc^t  spot  Is  caused  by  diffraction  and  disappears  when  -tee 
telescope  -terou^  ublte  tee  phenomenon  is  viewed  has  a  fai.iy  large  diameter. 

A  good  example  of  tee  mla-takes  which  are  often  made  by  people  vlte  many 
years  experience  in  the  field  of  teadilng  and  popular  science  is  tee  "ultra- 
miescope"  invented  by  an  astronomer  from  Odessa.  TH£  ossie/fbt  tee  ultrateleecope, 
was  submitted  to  the  author  of  -this  book  for  bis  commente  at  a  moat  opportune 
moment  when  he  was  looking  for  lllustratiaDS  for  tee  present  chapter,  and  could 
not  resist  the  temptation  of  using  some  of  tee  more  'vi'vld  ideae  of  the 

According  to  -the  Inventor* s  plan,  the  "ultrateleacope”  la  a  de-vice  which 
overcomes  -tee  terei  principal  barriers,  so  far  insuperable,  which  limit  tee  Unlimited 
magalflcatlon  of  optical  sjp-tema.  We  should  recaill  teat  teeae  barriers  are  -tee 
decline  In  tee  brlcditnese  of  -tee  image,  diffraction  effects  in  optical  Inatrmnanta 
and  vibration  of  tee  earth's  atecephere. 

Ihe  inventor  of  -the  "ultra-telescope"  cannot  be  accused  cf  ignorance:  he 
certainly  realises  the  effects  which  he  has  to  cQBbat,  and  he  Imows  tee  equations 
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their  influmce  on  Ihe'iir  imgej  but  he  does  not  underetend  the  baele  of  thcm^ 
nor  eppliee  litem  correctly. 

Hie  problem  of  iacreeslag  brlj^tness  la  aolved  by  him  elth  Ihe  use  of  a 
ll^t  "multlpllcator"  -  a  simple  lens  vlth  a  large  dlameUor  (Fig.  ^l)  vhlch  forms 

at  Ihe  point  F2  a  secondsiry  Isege  of  the  primary  Image  produced  by  the  object  !«.],. 
We  know  that  In  the  case  of  stars  the  Increase  In  sthjectlte  brl^tness  is 

•  O 


shore  D  is  the  diSMter  of  the  entrance  pupil  of  the  telescope,  and  ^  is  the 
dleneter  of  the  ptQpli  of  the  e^.  Ohe  Important  thing  Is  that  this  equations  holds 
for  telescopic  systems  of  any  complexity  (an  Increase  In  the  nudt>er  of  lenses  merely 
increases  the  loesds).  ihe  eqwtloc  Is  a  corollary  of  general  {hyslcal  lams,  for 
example,  -Uie  oonser'vation  of  energy;  hence  none  of  the  intermediate  lenses  can  In- 
vease  the  brl^tness  of  the  Image,  but,  conversely,  only  reduce  it  on  account  of 
addltloiml  losses  throu{^  reflection  and  absorption.  The  inventor  of  the  "ultra- 
telescope”  Akes  uniuB  slmpllficatlcnB,  taking  D  to  be  the  diameter  of  any  Inter¬ 
mediate  lens  and  assuming  that  If  an  Intermediate  lens  mith  a  diameter  greater  than 
that  of  the  pupil  is  added  to  the  cibjectlve-eyeplece  system,  the  lens  mill  produce 
an  additional  Increase  In  brightness  according  to  the  equation  (d/  A  )  . 


Fig.  4l.  "ultramlcroscope"  system 

The -spcc,ioo5wes(i  of  this  is  clear  from  general  conelderatlone .  Let  tis 
endeavor  to  point  out  ifaare  the  specific  errors  lie.  Ihere.are  two  of  them. 

The  imrentor  coneldere  the  Image  of  a  etar  produced  by  the  objective  to  be 
a  mathematical  point,  to  ihich  the  equation  for  Increase  in  brlg^itnese  le  appllcaible. 
Bait  on  account  of  diffraction  the  image  of  a  star  le  a  circle  visible  from  the  second 


lens  at  a  finite  angle,  and  Uta  fonmiln  for  stars  cannot  be  applied  to  It.  Furihra 
wr9f  even  If  tliere  eere  no  diffraction  and  tbe  of  the  star  a  point,  -there 

vDaU.  not  be  any  Increase  In  brl^tness;  basing  Ms  views  on  -the  Huygens  principle, 
the  In-ventor  assumes  -that  -the  Image  radla-tes  as  an  Independent  source  in  all  dlr> 
actions  and  that  -the  en-tdre  lens  is  flooded  vi-th  luminous  energy,  irrespective 

of  its  dlsaieter.  But  the  Bjygens  principle  only  expresses  optical  phenomena 
correctly  vhen  -the  Fresnel  addition  Is  made,  and  this  means  that  in  practice  the 
entire  Iwlnous  energy  Is  contained  in  a  cone  of  rays  within  the  aperhire  easgle  u 
of  the  dbjectlve.  In  Fig.  4l  this  cone  is  shaded.  The  rest  of  the  lens  receives 
such  an  extremely  small  portion  of  energy  that  it  need  not  be  taken  into  accomt. 
Ihus,  the  brightness  of  the  image  does  not  depend  at  all  , on  tbe  diameter  of  the 
additional  lens,  unless  the  diameter  of  the  htter  is  smaller  than  that  of  the  light 
kaam. 

Ea-vlng  made  such  short  shrift  of  the  decrease  in  brl^^tness  due  to  -very 
great  magnification,  the  Inventor  of  the  "ultra telescope"  does  the  same  to  the 
diffraction  rings.  It  Is  knosn  from  t^ie  theory  of  diffraction  that  the  latter  Is 
due  to  restrlctlcn  of  the  ll^t  beams,  i.e.,  to  tbe  fact  that  tbe  cone  baa  finite 
dimenslona.  But  the  in-ventor  attrlbutea  diffraction  to  irtial  reflection  of  tbe 
rays  frcm  the  edge  of  the  metal  frame  (this  mla guided  idea  la  due  to  the  fact  that 
certain  textbooha  on  physical  optics  do  not  give  a  sifflclently  clear  explanation 
of  theory,  according  to  whidb  diffraction  is  dim  to  a  partlc-ular  we-ve 

occuzTlng  on  the  edge  of  the  diaphragn  or  frame). 

Ihe  inventor  of  the  "ultreteleecope"  suggests  eliminating  diffraction  rlnge 
by  means  of  a  second  dlaphrsga  mSde  of  black  cardboard  ihlch  abaorbs  the  diffracted 
raya  coming  fran  the  edge  of  the  metal  frame.  In  actual  fact,  the  cardboard 
diaphragn  producea  the  same  diffimction  pattern  aa  any  other.  In  addition  to  that, 
the  elimination  of  the  diffraction  ringa  would  not  in  euiy  vay  help  to  Improve  the 
resol-vlng  power  of  tbe  teleacope,  since  the  former  is  restricted  by  the  diameter 
of  the  central  spot  wMch  cannot  be  turned  into  a  point  by  any  artful  dodgea-i^. 


Let  U8  go  back  to  the  prctolem  of  the  useful,  or  optliiium,  zaagnlflcatloa. 

We  demonstrated  above  tbe  vays  la  vhldi  excessive  oagilflcatlon  could  be  barmful. 
With  re^rd  to  magnificat Icn  less  than  optlmm,  It  can  be  said  tbat  It  does  not 
ca\ise  any  danger.  In  field  glasses,  for  example,  Ihe  magilf  lost  Ion  la  calculated 
so  tbat  the  dlaaieter  of  ihe  exit  pupil  ranges  from  3  to  6  ns,  ahlch  gives  good 
brl^tness  itien  dbservlng  db;)ects  at  dusk  or  at  nl^t,  better  stability  of  the 
mhen  the  binoculars  are  shifted  about  vlth  respett  to  the  observer's  eyes, 
aid  a  mmober  of  other  advantages  idildi  ve  vlll  omit  here  since  they  are  beyond  the 
scope  of  the  prdblems  Interesting  ua. 

Sec.  5.  Certain  CTrors  made  byieroscoplets 

Let  us  nos  deal  vlth  microscopes,  Ihe  theory  of  the  resolving  power  of  a 

mlcroscooe  Is  more  complicated  than  that  of  a  telescope,  since  the  objects  normally 

» 

Bie  writers  comaents  were  not  appreciated  by  the  inventor  of  the  "ultra telescope” 
and  his  Invention  was  put  Into  use,  thou^,  admittedly.  In  a  sll^tly  unexpected 
way,  Die  Issue  of  the  French  Journal  "Astronomle"  for  September,  1953>  published 
an  article  by  the  Secretary  of  the  Astronomical  Society  Tpquesraut,  warning  gullible 
amateur  astronomers  against  buying  the  "ultratelescope"  advertised  for  15,000  francs 
According  to  the  Invaitor,  the  use  of  the  instnaaent  as  an  eyepiece  in  any  objective 
with  a  diameter  froa  40  to  l6o  pa  made  It  possible  to  obtain  magnification  from 
50  to  500,000  times,  with  the  brl^tness  of  the  Image  and  the  resolving  power 
Increased  Into  the  barcpln.  Two  samples  of  the  Instrument  sent  to  the  Secretary 
of  the  Society  for  his  oomments  proved  to  be  made  vlth  old,  disused  spectacle,  lenses 
among  which  there  were  even  two  cylindrical  ones.  The  name  of  the  "Inventor"  was 
given  in  the  article.  It  turned  out  to  be  a  former.'  astronomer  from  Odessa,  liio 
had  gone  abroad  and  (possibly  not  entirely  consciously)  was  engaging  there  In  a 
new  fom  of  pseudo-sclentlflc  chicanery. 


vleved  throu^  a  mlcroacope  are  sere  varied  from  the  point  of  vlev  of  the  rays 
emitted  by  them  than  heavenly  bodies*  All  objects  vleved  through  a  telescope  are 
sehT -luminous  (the  sini>  and  stars),  or  else  reflect  lic^t  (planets  and  comets), 
or  else  do  both  at  the  same  tlaa  (nebulae).  But  all  heavenly  bodies,  both  those 
uhlch  are  self -luminous  and  those  ihich  reflect  llc^t,  belong  to  the  same  category 
-  non-coherent  Imlnous  bodies.  Indeed,  uhen  ve  apeak  of  tvo  "nelc^borlng"  points 
on  a  heavenly  body,  ve  mean  tvo  points,  the  angular  distance  between  idilcfa  Is  of 
the  nature  of  tenths  of  a  second  (uhleh  Is  at  the  limit  of  revolution  of  our  most 
powerful  telescopes).  Such  points  on  the  sun  or  on  planets  are  hundreds  of  kilo¬ 
meters  apart,  and  In  nebulae  are  millions,  or  other  astronomical  distances  apart. 

Bodies  Viewed  throu^^  a  microscope,  vlth  rare  exceptions,  are  not  self- 
ItBilnous;  they  are  Illuminated  by  either  coherent  or  nbn-ccherent  li^t,  (depending 
on  the  method  of  Illumination).  But  theoretical  and  experimental  research,  among 
vhlch  the  work  of  the  tvo  Soviet  xhyslelsts,  Mendel'shtan  and  Boihdestvenskly, 

Is  of  particular  Importance,  shows  that  the  coherence  and  non-coherence  of  Illum¬ 
ination  produces  more  or  less  the  same  results  idien  determining  the  resolving  power 
of  a  microscope*  Consequently,  ve  can  apply  £q.  (lit)  as  the  principal  equation  for 
deriving  the  least  resolxhle  dlstuice.  On  the  bag.s  of  the  eqimtlon,  ve  can  find 
the  optimal  magnification  of  the  microscope. 

Let  F  be  the  leading  focal  distance  of  the  entire  microscope.  As  is  easy 
to  see.  It  Is  equal  to 


where  f  Is  the  focal  distance  of  the  eyepiece,  and  Is  the  linear  enlargement  of 
the  microscope  objective.  Let  u  be  the  aperture  angle  of  the  ndcroecope.  According 
to  the  definition  of  focal  distance,  the  following  relationship  exists  between  the 
sigle  u,  the  radius  of  the  exit  pupil  D'/^ 

=  (15) 

JUst  as  for  telescopic  systems,  the  useful  nagilflcatlon  is  considered  the 
magnification  at  Vhldi  the  diameter  of  the  exit  pupil  B'  Is  eqval  to  2.3  mm,  since 
this  value  corresponds  to  the  least  angle  resoluble  by  the  eye  -  1'.  Consequently, 
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1.15 

^  tin  a  * 

On  tb«  olSier  tuind^  the  mgnlflcatloD  of  the  mlcroecope  le  conditionally 
2$o/F",  idxere  F'  la  the  rear  focal  distance  of  the  mlcroecope,  and  F*  ■■  F/n,  vhere 
n  Is  the  Ixnerelon  refractive  Index.  Hence  the  iiseful  magnification  of  the 
mlcroecope  P  le 

^  n  250ri  250»slnu  . 

To  =  —f- ~  — =220/»  sma  =  220.4.  j 

Ihue,  the  optimal  enlargeewnt  of  a  mlcroecope  le  220  tlmee  Ito  ntmerlcal 
aperture.  Since  the  latter  le  never  greater  than  1.4  -  1.^,  In  the  moot  powerful 
iBnerslon  apodirooates ,  we  must  conclude  that  the  useful  magnification  of  a  micro¬ 
scope  is  not  more  than  300  -  330.  Here,  too,  as  In  telescopic  systans,  we  can 
double  or  even  treble  these  figures.  Nevertheless,  nasilflcatlons  greater  than 
1000  are  clearly  pointless  and  even  paimful;  theyasult  In  obvious  diffraction 
which  adds  Its  own  pattern  to  the  outline  of  the  object  being  viewed  and  causes 
all  kinds  of  errors  and  mislnterpretatlcns . 

Generally  speaking.  Inadequate  knowledge  of  optics  may  cause  not  only  young. 
Inexperienced  scientific  workers,  but  also  scientists  of  world  standing  to  make 
mistakes,  sanetlmes  very  serious  ones.  A  n\mber  of  objects  of  tremendous  Interest 
in  biology,  zoology,  ipyfeology  have  dimensions  subtly  smaller  than  the  least 
resoldale  distance.  If  the  microscope  Is  handled  skillfully,  the  objects  can  be 
detected,  but,  obviously.  It  is  extremely  easy  to  fall  victim  to  optical  illusion  .. 

In  the  process.  Ihere  have  been  frequent  Instances  of  this,  and  they  will  be 
repeated  until  all  persona  working  with  microscopes  realize  that  viewing  images 
through  ihe  eye  piece  of  a  mlcroecope  without  understanding  the  theory  cf  It  Is 
Jist  as  difficult  as  reading  a  book  in  a  language  of  which  they  only  have  a  smattering. 

Let  us  look  at  soma  examples  of  errors  in  Interprets t-.on  In  optics,  which 
Professor  Ya.  Ye.  Ellengom  has  kindly  communicated  to  me  and  Which  are  of  great 
Interest. 

As  pointdd  out  above,  cbllqxie  lllwlnatlon  produced  when  the  diaphraga  of 
a  coDlenser  le  shifted  sideways  may  double  tiie  resolving  power,  which, ^  naturally 
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eiMbles  us  to  obtain  greatar  detail  In  the  loage,  particularly  vhen  tbe  dbjeet  has 
a  periodic  etructure*  During  dbeervatlon,  hoverer,  ve  nuet  caution  and  not 
Jtanp  to  conduBlone,  Itader  no  clrcunetancei  nuet  ue  do  ehat  la  recoanended  by 
Belling  In  hie  book  'Voxklng  vith  a  Microacope'',(Re«  York,  1991),  in  ehldi,  among 
uaeful  advice,  he  Inslata  on  avoiding  oblique  lllualnatlon  and  -that,  for  greater 
accuracy,  Ite  dlaphragn  Aould  be  kept  abeolutely  etlll  by  means  of  wire.  Ibis 
precaution,  hovever.  Is  not  a  gimrantee  against  certain  kinds  of  optical  Illusion. 

A  similar  type  of  error  is  the  auggestlon  made  by  a  Soviet  author  (in  the 
Journal  "Plant  Growing*  for  1952)  that  the  focal  plane  of  ibe  objective  should  be 
c  overed  vlth  a  dlaphiaga,  leaving  only  a  -third  of  the  area  of  -the  exit  pupil 
visible  so  -that  Ihe  definition  cf  -the  ihotographs  Obtained  Is  Improved.  This 
device  reducee  -the  aperture  of  -the  microscope  and  -therefore  reduces  the  resolving 
power  of  -the  Objective,  no  matter  what  -the  structure  of  -the  object,  and  the  nuAer 
of  distinguishable  details  Is  decreased.  The  author  probably  used  an  objectl-ve 
id-th  hle^  residual  aberration  and  the  Isages  became  "sharper”  after  the  dlaphiagDlng 
operation,  l.e.,  they  were  freed  from  background  and  halos,  thus  creating  a  false 
impression  of  definition.  This  method  Is  permlssable  only  when  the  Object  being 
-viewed  has  a  coarse  structure. 


b) 

Fig.  Section  of  chromosomes  from  saliva  glands  of  the  fly  Drosophila 
Melanogaster  ihotographed  with  the  name  objective  wl-th  different 
apertures .  8  8 


As  aa  lllustratlcn,  ve  iftiov  two  mlcrcq^Aictographs  (Fig.  1|2)  of  tha  sane 
area  of  chronotomes  from  -tiie  salliiary  glaods  of  tlie  fly  Drosophila  Bslaaogsstsr , 
takso  by  Yh.  Ye.  EUengom*  Both  jhotograihs  vere  tsksn  vlth  aa  Objective  vlth  a 
BUBfeKloal  aperture  of  1,3  aad.  liaear  enlargement  of  9O;  the  total  »silfieatlon  Is 
3000.  Ihe  photograph  42a  vae  taken  In  niRBal,  l.e.,  the  focal  plane  of  the 
Objective  was  entirely  filled  vllh  llc^t  while  42b  was  taken  with  same  optics, 
but  a  dlaphraga  with  a  narrow  aperture  was  placed  at  -the  level  of  the  focal  plane 
of  -the  Objective,  producing  a  considerable  reduction  In  -the  nuaerlcal  aperture 
(approodnately  -to  0,2).  This  resulted  in  certain  fibers,  clearly  resolved  and 
easily  visible  in  -the  left«hand  photograph,  nsrglng  toge-lher  end  becoming  Indis¬ 
tinguishable  In  the  right-hand  photograph.  Ihe  area  marked  with  an  arrow  In  bo-th 
photographs  Is  particularly  Characteristic. 

Ihe  -way  In  lAilch  e-ven  great  experts  over  ra-te  -the  posslblli-tlBS  of  -the  mlcro- 
B  cope  Is  shown  in  aa  article  by  a  prominent  Soviet  bo-tanlst  on  -the  morphology  of 
hromoeomes. 

Ha-vlng  developed  a  method  of  measuring  chromosomes  by  making  sketches  using 
an  Abbe  apparatus  (an  apparatus  whi<&  projects  the  Image  onto  a  sheet  of  paper, 
after  which  -the  outline  of  the  Object  is  drawn  wl-th  a  pencil),  the  bo-tonist  gives 
the  magiltuie  of  -the  rhromoecmee  wl-th  an  accuracy  of  erne  hundredth  of  a  micron. 

He  bMes  his  Idea  on  s-tatletlcal  me-thcde  which  make  it  p>oeBible  to  aeeess 
-the  most  probable  dimensions  in  question  with  great  accuracy  on  -the  basis  of  a 
lairge  number  of  dbser-vatlone.  However,  no  matter  how  ex-tensive  -the  saterlal  which 
the  vrl-ter  uses,  -the  accuracy  which  he  banks  on  Is  clearly  exaggerated,  for  e-ven 
with  the  beat  possible  microscope  we  cannot  determine  the  length  of  an  object  more 
exactly  than  a  third  of  a  ,  l.e.,  0.2  microns.  It  Should  be  taken  into 

account  that  when  making  sketches  this  degree  of  accuracy  cannot  but  suffer,  since 
In  drawing  the  actual  outline  there  is  an  elaaent  of  arbitrariness,  l.e.,  a  systematic 
esroT  ihlch  dot  even  the  use  of  statistical  methods  can  eliminate.  Hence  It  would 
be  more  cautious  to  assme  that  the  size  of  the  chromosome,  -  even  on  the  basis  of  a 
gremt  deal  of  statistical  material,  cannot  be  determined  within  greater  accuracy  than 
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O.I  -  0.2  microns. 

A  comparison  of  these  two  publications,  whidi  relate  to  different  fl^^ds, 
thouc^  tliey  are  llakid  by  the  same  guiding  Idea,  is  extremely  Instructive.  It  Is 
odd  la  -the  first  one,  the  vri-ter,  lAio  used  a  perfectly  correct  me-thod,  was 
la-ter  ridiculed  and  criticised  by  the  aulfaorltles ,  while  -the  unjustified  me-thod  In 
-the  second  publlca-tlon  did  not  apparently  give  rise  to  any  objections . 

Ihe  first  article  waa  pthllshed  back  in  1^69  In  Germany  by  -the  young 
bo-taalst  Flegel  la  -fchs  "Botanical  Journal"  and  -testifies  to  kla  great  uMers-tandlng 
of  -the  formation  of  Images j  It  la  all  -the  more  surprising  that  at  -that  -time  -the 
tork  of  Abbe  and  o-thers  had  not  -yet  been  published.  S-tudylng  dra-wlngs  of  several 
types  of  dla-toos  vl-th  periodic  struc-ture,  the  au-thor  dbtained  a  great  deal  of 
-valuable  da-ta  on  -the  structure,  in  particular  1-ts  period,  wl-thout  even  resorting 
to  -the  microscope,  but  by  examining  -the  spectra  caused  by  -this  struc-ture  -throuc^  a 
spy  glass.  He  ob-tatned  such  perfection  that  his  resul-ts  were  confirmed  in  later 
years,  and  wl-th  electronic  microscopes  at  that. 

Flegel  employed  the  system  of  COTparlng  diffraction  patterns  produced  by 
the  structure  he  was  studying  and  the  pattern  of  the  spectra  produced  by  larger- 
cale  structures  directly  -visible  throu^  -the  microscope.  Structures  similar  among 
thensel-ves  but  possessing  different  periods  produce  Identical  spectral  patterns, 
differing  only  in  angular  dimensions.  !Ihls  Is  a  perfectly  legitimate  method  and 
can  provide  much  more  -than  observation  -Ihrou^  the  mos-!;  powerful  microscopes;  this 
has  been  conflzmed  by  la-ter  research. 

(r 

!Qie  second  -writer,  N^vel,  In  an  article  on  chromosome  structure  pilbllshed 
In  1992,  describes  a  method  ^ich  at  first  sl^t  seems  very  similar  to  Flegels. 

Ohe  structures  Observed  by  him  (slightly  tin-ted  fibers  wi-th  a  thlclsness  at  -the 
limit  of  -the  resol-vlng  power)  are  somehow  Interwoven.  But  how?  In  order  to  find 
out,  Nevel  made  fibers  out  of  glass,  interwove  them  In  different  ways,  photographed 
them  with  an  ordinary  camera  and  compared  them  with  microphotographs  ob-talned  with 
microscopes,  paying  heed  -to  -the  distribution  of  llg^t  and  shadow. 

Ihls  method  is  completely  wrong.  Chromosome  fibers  produce  diffraction 


90 


effects  In  a  mieroecope  ibldi  conpletely  distort  -Qie  photograxAis .  But  Ihe  photo¬ 
graphs  of  {piass  loses  vhlch  are  so  large  that  they  do  not  produce  any  appreciable 

\r 

diffraction  pattern  are  not  the  least  like  the  microphotographs.  Newel's  method  Is 
urong,  al1hou{^  from  the  point  of  vlev  of  "cocnnon  sense”  It  seeps  moi'e  valid 
than  the  Indirect,  but  fulte  correct  method  used  by  Flegel. 

Ihe  case  of  dlatosu  of  the  genus  nltsschla  Is  very  curious.  This  genus 
dLvldes  vip  Into  species,  and  the  pattern  on  the  outside  surface  of  the  shell  of 
these  dlatcas  Is  usually  tised  as  the  dlstlnguldilng  feature.  Ihe  arrangement  and 
shape  of  the  lines  In  the  pttem  are  used  as  a  basis  for  attributing  the  observed 
specimen  to  a  particular  species.  !lhe  structure  of  the  pattern  Is  extremely  fine 
and  lies  on  the  border  of  the  resolvlnf;  power  of  the  most  powerful  telescopes, 
hence  microscopic  technique  here  acquires  enormous  Importance. 

In  his  work*  Ya.  Ye.  Bilengom  has  shown  that  In  actual  fact  all  Nltzschla 
have  the  same  structure  and  that  all  the  varieties  of  structure  observed  by  differ¬ 
ent  people  are  In  actual  non-existent. 

Let  us  see  ihat  the  author  himself  says  about  this. 

"When  determining  diatomic  se^eed  under  the  microscope,  the  structure  of 
their  shells  made  of  silica  Is  of  decisive  Importance.  Ae  an  Illustration  of  the 
curiously  conditional  nature  of  the  microscopic  Images  which  are  usually  riiown  for 
the  structure  of  these  objects,  let  us  look  at  the  following  facts. 

The  genus  Hltzschla  Is  characterized  most  frequently  byj  very  long,  narrow 
shells  without  any  central  seem,  but  with  special  "Klelpunkts".  Furthermore,  the 
surface  of  the  sl:^!!  Ozoat  probably  Inside)  Is  ccnrered  with  a  very  fin*  structxs'e. 

[Qie  diffraction  spectra  of  all  Nltzschla  obtained  In  the  focal  plane  of  the  micro¬ 
scope  objective  are  absolutely  the  same  type  In  principle.  Apart  from  a  zero 
maximum,  the  spectra,  when  the  lifting  conditions  are  correct,  show  four  more 
diffraction  maxima  of  the  first  order,  arranged  in  eadiro^o'^flNTof  the  circumference. 
This  diffraction  structure  suggests  that,  generally  speaking,  the  elemente  of  the 
fine  structure  ingenderlng  them  are  located  at  the  corners  of  the  sqmre.  And  Indeed, 
some  of  the  seaweeds  are  known  to  have  a  fine  structure  In  the  form  of  lines  hip 
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anl  down  the  shell  and  Intersecting  at  rlc^t  angles. 

But  In  a  liiole  ntsber  of  cases  the  Nltssdila  shells  form  different  haages: 
they  hhov  a  systaa  of  lines  running  across  the  shell,  and  no  longitudinal  lines  at 
all;  hence,  instead  of  the  "network”  there  Is  only  transverse  shading.  In  other 
cases  this  transverse  "shading"  appears  In  such  a  way  theb  the  "line"  seams  to 
consist  of  a  nutiber  of  "points”  and  Is  not  continuous.  Finally,  in 'the  case  of  a 
nunfcer  of  shells  It  Is  not  possible  to  detect  the  structure  at  all.  All  these 
structures,  ahvlausly,  are  Important  in  sjntogatlslng  these  objects. 

Nevertheless,  they  are  all  based  on  misinterpretation.  Any  of  the  above- 
hscrlbed  structures  can  be  obtained  for  any  Nltischla  shell  and  depends  on  t2ie 
degree  to  ihlch  the  diffraction  maxima  of  the  first  order  are  Included  In  the  focal 
plane.  If  It  has  not  been  possible  to  Include  them  In  the  focal  plane  at  all,  there 
will  be  no  structure  on  the  shell;  but  if  only  two  of  the  four  have  been  included, 
either  transverse  or  longitudinal  lines  can  be  obtained  as  desired,  and  by  intro¬ 
ducing  all  four  maxima,  we  get  either  tranBverse"shading"  except  that  the  "line" 
consists  of  a  ntmber  of  points,  or  else  a  system  of  Intersecting  longldutlnal  and 
transverse  lines. 

It  can  he  proved,  however,  by  certain  exper-fients  that  in  actual  fact  the 
shell  has  vary  fine  structural  elements  of  an  oval  shape  situated  more  or  less  at 
the  comers  of  the  sqivare,  and  that  the  longitudinal  dlractlcn  of  the  ovals  Is  more 
or  less  perpendicular  to  the  length  of  the  shdl.  In  other  worda,  the  structire 
closest  to  the  truth  Is  the  one  In  ihich  the  transverse  lines  divide  up  into 
individual  points" . 

Ohese  views  maybe  proved  from  another  example.  Let  us  consider  Fig.  l|-3. 

Ihe  bottom  of  this  drawing  shows  fotir  microihotographs  of  the  same  diatomic 

¥ -  ■' 

Ya.  Ye.  Ellengom.  Experience  In  studying  the  fine  structure  *of  cer'taln  dlat^lc 

shells.  Botanical  Journal,  1940. 
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preparation  Frusturia  rhoniboldea  var.  aaxonica,  taken  by  Ellengoin.  All  tiie  photo- 
graph!  shoe  the  aaDe  shell  vhen  vlevel  iheough  a  microscope  vllii  an  objective  1.2?  x 
90,  allhon^  the  atfaods  of  illumination  are  different.  At  the  top  of  Fig.  k3  ve 
see  a  dlagraantlc  representation  of  the  focal  plane  of  the  dbjectlve  for  different 
pDelticns  of  the  condenser  dlaphrasa. 

In  the  first  one  (^)  the  shell  only  diovs  a  general  outline  and  a  vagae 
central  seem;  there  is  no  fine  structure.  In  the  focal  plane  ve  only  chserve  a 
aero  maxianan  0,  in  other  vords,  the  image  of  the  shell  occurs  ihen  there  is  narrov 
antral  illumination  and  ia  due  solely  to  the  llc^t  idiich  is  radiated  by  the  source 
of  iUwlnatlcn. 

In  the  second  photogia^  (^3b}  the  Uhell  is  streaked  vlth  a  nuoher  of  bands 
runninig  parallel  all  the  u|y  dovn.  This  structure  is  found  uhen  the  zero  maximum 
is  shifted  perpendicular  to  the  length  of  the  shell  over  to  the  edge  of  the  focal 
plane,  ihlch  can  easily  be  done  by  means  of  Abbe's  llliaainatlng  device.  Here  me 
have  to  add  a  diffraction  maxlmua  of  'tiie  first  order  p  to  the  focal  plane.  If  the 
sero  maxiiman  is  shifted  fron  richt  to  left  along  the  diameter  of  the  focal  plana 
until  it  reaches  the  area  of  the  saximm  p,  a  first  order  diffraction  maximum  p* 
vould  appear  instead  of  the  zero  maximua. 

In  both  cases  Icmgltudinal  strips  are  found  on  the  shell.  Ihe  addition  of 
die  diffraction  maxiimmi  of  the  first  order  smkes  it  possible  to  dbtain  an  lamge  by 
means  of  the  ll^t  emitted  by  the  illumination  soiree  (zero  Daximum)  and  the  li^t 
vhldi  occuirs  on  the  actual  structure  due  to  diffraction. 

In  the  third  photograph  (4?c)  the  lines  run  across  the  Shell.  Ihis  structure 
occurs  ihen  the  Oblique  illumination  is  beamed  in  such  a  may  that  the  zero  maxiimm 
in  the  focal  plane  shifts  parallel  to  the  length  of  the  Shell.  In  this  position  it 
is  possible  to  introduce  diffraction  Bmxlmim  of  the  first  order  Into  the  focal 
plane  and  the  maximum  is  designated  n  to  distinguish  it  from  the  previous  letter. 

When  the  position  of  the  zero  Bmximum  is  diametrically  oppoeite,  it  is  poasible  to 
add  the  first  order  maximum  n*  to  the  focal  plane,  and  obviously  this  time  me  find 
an  image  of  the  shell  mith  transverse  strlation. 
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Finally,  the  fourth  jbotograih  (Fig.  liM)  shoiRi  the  ehell  vlb  a  grld-like 
structure,  here  the  two  structures  ^ich  appeared  separately  In  the  earlier 
omdltlans  are  now  cosfclned.  In  'ttiis  case  the  position  cf  the  sero  maxliBum  In  the 
focal  plane  is  sudi  that  both  first  order  diffraction  naxiisa  can  be  added  to  it. 
On  the  pattern  produced  by  the  focal  plane  it  can  be|  seen  that  Hie  nazlaa  p  and  n 
are  not  pert  of  it  ihen  the  illmlnatloc  is  in  this  direction. 

Ihe  exBisple  quoted  by  Ellengom  is  so  convincing  that  it  needs  no  further 
cosment.  n 


Fig.  43.  Armor  of  the  diatom  Frusturla  Rhomboldes  var. 

Saxonlca,  observed  at  different  positions  of  the 
condenser  diaphragm. 


Sec .  6 ,  What  can  be  seen  by  Beam  of  contsnporary 
optical  instruBrotsf 

Let  us  first  determine  the  limit  of  the  poeslbillties  of  optical  Instruments. 
Let  us  see  what  the  optical  Instruments  ihidi  we  possess  at  the  present  time  can 
show  us,  and  let  us  analyze  the  prospects  for  using  them  to  unravel  the  secrets  of 
nature  in  the  future. 
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As  before^  let  us  first  consider  telescopic  sjisteos  from  the  standpoint  of 

dbservlng  celestial  bodies >  and  then  let  us  deal  vlth  microscopes. 

For  telescopic  systems  >  the  least  resoluble  angle  In  texms  of  ladlans  Is 

determined  by  Bj.  (12)  ■  . 

as  1,22^, 

from  vhlch  It  fbUows  that  tbereduce  the  least  resolift)le  angle  -^iie  only  thing  ve 
can  do  is  to  Increase  Ihe  diameter  of  the  objective  or  reduce  the  wavelength  of  the 
rays  producing  the  Image. 

Indeed,  the  diameter  of  dbjectlves  Is  Increasing  as  the  madiinery  used  to 
produce  them  la  being  Improved.  Ihe  largest  of  the  objectives  used  at  the  present 
time  is  part  of  the  reflector  at  Faloemr  Observatory  (lEA).  Ita  diameter  Is 
5000  mm  and  eoablea  aatrocemere  to  resolve  0.0^"  m  on  the  surface  of  the  moon, 

8  km  on  the  surface  of  mare  when  cloeeet  to  the  earth).  Ihla  doea  not  mean  that 
It  cannot  be  used  to  view  objects  the  dlmenaione  of  ihlch  in  the  traasveree  direction 
are  less  than  those  mentioned  (we  will  explain  later  wbat  dimensions  of  lumincue 
todies  are  visible) .  It  only  mesne  that  the  Image  of  an  ob  ject  of  this  else  Is  no 
longer  a  shapeleeB  spot  >  we  can  eense  its  shape  (though  only  very  rou^lyO  and  note 
whether  or  not  It  le  elongated,  althou^  ve  cennot  distinguish  a  circle  from  a 
sqimire  unless  their  dlmenelons  exceed  those  given  by  several  tlmse.  Ihe  mlaelle 
"Colvnibla"  Vhlch  orbited  the  moon  In  Jules  Verne's  novel  "Around  the  Moon"  could 
not  have  been  visible  throu^  the  enormous  telescope  at  Mt.  Wilson  Obser'vatory, 
b  ut  It  could  be  observed  as  a  point  against  the  black  backgrovnd  of  the  moon  If  the 
sun  were  In  a  favorable  position  with  respect  to  the  missile. 

Let  us  deal  with  sources  of  H^t  which  can  be  observed,  but  only  in  the 
form  of  dots.  We  shall  see  that  in  a  case  in  vhlch  the  problem  of  the  dxape  does 
not  arise,  the  posslbllltiee  of  optical  Inetruments  are  tremendous.  Let  \m  cal- 
culate  toe  distance  at  Vhldx  apsMrchli^t  with  a  2  m  diameter  lll\a&lnated 

by  a  hl^  intensity  arc  (brl^tness  100, CXX)  stllbs)  would  be  visible.  According 

•) 

to  the  Mangean-Chlkolev  lav,  the  ll^t  Intensity  of  a  searchll^t  of  this  kind  Is 
eqiml  to  100,000'X  X  lOC^  candles  «  5  x  10^  candles. 
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Let  UB  apply  -the  following  facts  from  photonetrlc  textbooks.  A  candle  is 
visible  viih  the  naked  eye  at  a  distance  of  27  kmt) .  Consequently,  3  x  10^  candles 
«e  visible  at  a  distance  A  3  *  )0  greater.  Furthemore,  if  ve  use  a  large 

huxAred-inch  reflector  to  observe  1h^  silpals,  tlxe  useful  magnification  of  vhich 
is  2500/8^^^310**,  our  object  is  visible  from  a  distance  greater  by  a  factor  of 
310.  Consequently,  it  can  be  seen  from  2?  |  3  '  10*^  *  310  km  “  5  *  10*  Too.,  llhis  is 
three  times  the  distance  between  tlie  stm  and  Ihe  earth;  it  is  abnost  equal  to  the 
distance  between  the  earth  and  Jupiter.  The  observation  of  signals  from  the  earth 
on  Mars  is  therefore  quite  a  simple  task,  ttefortunately,  the  Martians  cannot  return 
the  compliment,  since  their  planet  always  has  Its  lllunlnated  side  facing  us, 
and  they  could  hardly  make  out  a  weak  sigial  against  a  bright  background.  If  a  5  m 
mirror  telescope  is  used,  the  distances  given  above  can  be  doubled. 

In  Older  to  discover  a  "satellite"  50  cm  in  diameter  revolving  arcund  the 
«rth  at  a  distance  of  several  hundred  kllometerB,  all  ve  need  are  field  glasses  and 
favorable  lllxmitnation. 

SigialB  frcm  the  moon  are  possible  by  means  of  small  projectors.  But  two 
ll^ts  at  a  distance  of  50  m  apart  wduld  look  like  one  li^t  witli  dorhle  bri^tness. 

Let  us  now  deal  with  microscopes .  The  equation  detemlnln  g  the  least 
.soluble  distance  in  the  case  of  self -luminous  bodies  takes  the  form  /See  equation 

(1*^)/  0,6IX 

•-.Bslna*  (17) 

No  natter  what  system  of  illumination  is  used.  It  is  only  the  numerical 
coefficient  vhich  varies  in  Eq.  (it),  and  even  then  only  sli^tly.*  Assuming 
K  =  0.00056  mm,  and  n  =  1.5,  ve  obtain  O.OOO5  mm  for  ,  i.e.,  using  ve^y  strong 
immersion  microscopes  we  can  distingultfi  two  objects  half  a  micron  apart. 

^ - 

Naturally,  on  condition  that  the  darkness  is  t>tal  and  the  eye  has  had  a  long 
time  to  adapt. 

**) 

.  According  to  the  equation  d/d',  D'  being  taken  as  8,  since  we  are  concerned 
with  the  diamw^Wi  of  the  pupil  of  the  eye  in  total  darkness. 
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If  ve  only  "Mant  to  flnl  an  object  ulthont  concerning  ovseelvee  ullii  Ita 
shape,  the  size  of  the  object  can  be  hundreds  of  tines  enaller.  Using  a  pertlcular 
device,  the  ultramicros cqpe  (Pig.  44)[^xlch  only  differs  from  the  conventional 
kind  in  Ihe  method  of  illumination  -'Ve  can  vlev  particles  of  Ihe  order  of 
thousandths  of  a  micron.  Ihe  particles  are  stron^y  illuminated  by  the  lateral 
beams  P  and  P'  vhlch  do  not  impinge  upon  Ihe  objective  0,  and  do  not  therefore 
create  a  brl^t  backgr^ound .  Ll^t  scattered  by  particles  A  strikes  the  observer's 
eye  and  he  sees  an  image  against  a  black  background,  like  stars  in  the  sky. 

Ultremlcroscopes  enable  us  to  see  particles  the  size  of  vhlch  does  not 
exceed  ^  mllimlcrons. 

Equation  (17)  shows  that  the  least  resoluble  distance  is  proportional  to 
the  wavelength  X.  •  Thus  we  can  reduce  $  by  using  ultra-violet  ll^t.  Admittedly, 
for  this  purpose  we  cannot  use  the  conventional  glass  objective,  since  it  does  not 
transmit  ultra-^olet  ll^t. 

We  can  use  special  obji'ctlves  made  of  transparent  crystals,  (quarts  or 
fluorite)  or,  still  better,  mirror  systems.  Since  our  eyes  are  not  sensitive  to 
ultra-violet  rays,  the  image  has  to  be  photographed,  and  this  is  the  great  difficulty 
W.th  these  microscopes,  (h  the  other  hand,  their  resolving  power  is  approximately 
double  ^hat  it  is  in  conventional  microscopes,  for  the  same  nunerlcal  aperture. 


Pig.  44.  Observation  when  the  field  is  dark 
Sec.  7.  Future  prospects 

What  are  the  prospects  at  the  moment  for  improving  optical  instruments? 
The  lease  resolrble  angle  in  astronomical  instruments  (reflectors  and 
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refractori^ i8  determined  from  tiie  eqiaatlon  ne  have  frequently  uaed,  l.e., 

1.22X 

«=-zr- 

Oils  angle  can  only  be  red^Ked  by  increasing  the  diameter  of  the  objective  D  and 
reducing  the  vavelength  X  .  Furthermore,  ve  must  eliminate  the  troublesome 
vibrations  of  the  atmosphere,  ihere  are  tvo  nays  to  meet  these  requirements: 
l)  increase  the  diameter  of  the  objective,  and  2)  build  dbservatories  hl£^  in  the 
mountains,  vhlch  reiuces  the  atmospheric  vibration  and  absorption  of  ultra«^lol6t 
rays  at  the  same  time.  Ihe  eutrononlcal  telescopes  of  the  distant  future  vlll 
ircibablyltalce  the  form  of  refactors  (aluminun-coated  mirrors  do  not  absorb  ultra- 
violet  Ue^t)  tens  end  hundreds  of  meters  in  diameter  >  revolving  on  tires  20  or  ^0 
bn  hl^,  containing  the  dbservers  and  laboratory. 

Now  that  artificial  earth  satellites  are  being  built,  it  is  conceivable 
that  a  satellite  of  fairly  large  else  could  carry,  if  not  a  complete  observatory, 
at  least  one  powerful  instrument,  either  operating  automatically  or  else  controlled 
by  an  observer.  Itader  such  clrcmstances  the  harmful  effect  of  the  atmosphere 
would  be  eliminated  and  the  Instninent  would,  furthermore,  be  able  to  operate  nl^t 
and  day  wibout  stopping  since  the  scattering  of  the  sun's  rays  by  the  atmosphere 
wild  be  eliminated  too. 

Purthexmore,  there  are  still  other  possibilities  for  counteracting  the 

effect  of  the  atmosihere  -  autocatlc  compensation  of  the  turbulence.  In  this  age 

of  autcmatlon  such  possibilities  no  longer  lie  within  the  realm  fantasy. 

Further  Improvement  in  microscopes  is  possible  if  we  use  materials  and 

fluids  with  hijji  refractive  Indices.  For  the  first  time  it  is  becoming  possible 

~to  use  diamond  (the  refractive  IMex  of  idiich  is  2.4),  whldi  stepe  up  the  resolving 

power  of  the  microscope  by  a  factor  of  1.5.  Another  quantity  contained  in  the 

^  0.6U 

denominator  of  the  equation  for  *=  nVlni’  ’  namely  sin  u  has  already  attained 
virtually  its  maximum  --  unity. 

Reduction  in  wavelength  also  means  improvement  in  the  quality  of  microscopes. 
But  this  possibility  should  not  be  abused  SiHce  Imnerslon  fluids  cease  trans¬ 
mitting  lays  in  the  distant,  ultra-violet  region  of  the  spectrum.  A  groat  increase 
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In  visibility  can  be  expected  from  the  development  of  efficient  systems  of 
lllmlnating  the  dbjects  being  vleved.  Ihls  problem  has  been  little  studied,  so 
far. 

It  can  be  concluded  -that  it  vould  be  unreasonable  to  hope  for  considerable 
advancsBwnt  vlthln  the  next  tuv  years,  at  even  next  few  decades.  In  many  respects 
(aperture,  wa^length)  the  ceiling  has  been  readied  and  further  Improvgaecb  osn  only 
be  achieved  In  the  smaller  details:  Improving  methods  of  lllumlmtlon.  Improving 
the  quality  of  the  Image,  and  so  on. 

Butm  matter  how  depressing  these  conclusions  nay  seem,  they  do  not  mean 
certainly  that  If  we  remain  within  the  bounds  of  optical  Ixmtnaients  (and  do  not 
resort  to  electronic  Instjwients)  we  will  be  usable  to  delve  more  deeply  Into  the 
realm  of  tiny,  distant  objects.  !?\e  possibilities  of  optics  are  still  not  exhausted. 

Sec.  8.  Mew  ways  of  uslnx  optical  systems 

^e  verb  "to  see"  Is  so  commonplace  that  ihen  using  it,  no  one  thinicw  very 
much  abcut  Its  exact  meaning.  For  many  people  "seeing"  means  receiving  an  iange  of 
(STtaln  objects  on  the  retina.  Ihls  Is  ihy  there  is  frequent  surprise  at  the  fact 
that  objects  do  not  appear  upside  down. 

In  actual  fact,  the  Image  on  the  retina  Is  only  the  beginning  of  "seeing". 

The  principal  work  of  processing  and  understanding  the  reactions  idilch  occur  In  the 
retina  takes  place  In  thenervous  system  aiXL  the  brain.  If  we  were  able  to  obtain 
an  enlarged  photograih  of  the  pattern  created  on  the  retina  when  we  look  at  some¬ 
thing,  we  wcmld  be  amazed  at  the  low  quality  of  it.^  We  would  be  struck  particularly 
by  the  greet  lack  of  contrast,  even  appreciable  at  the  center,  in  the  region  of  the 
yellow  8pot,and  ihidi  becomes  extreme  In  the  immediate  nelf^ozhood  of  the  spot. 

This  Is  the  result  of  aberration,  the  existence  of  dxldi  in  the  eye  can  be  shown  by 
veclal  experiments.  Ve  would  see  a  blaidi  spot  (blind  spot)  and  a  uuaber  of  other 

i' 

defects  In  the  photograph. 

But  ve  do  not  see  anything  of  this  kind  'dien  we  look  at  an  object.  Further- 
nore,  if  our  eyes  are  normal,  or  we  wear  carefully  selected  glasses,  our  vision 
always  produces  an  impression  of  ideal  definition;  we  cannot  Imagine  anything  better. 
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As  regsvAs  liie  dark  spot,  even  if  ve  Imow  about  Its  existence,  ve  cannot  locate  It 
no  natter  hoe  hard  ee  try  (unless  ve  resort  to  the  special  experlaents  like 
Marlotte's  vllh  a  cross  and  a  circle,  described  In  all  texIhookB  on  physics). 

It  follows  fron  Hxls  that  Ihe  brain  excludes  from  -the  Insge  on  ihe  retina 
everything  that  does  not  relate  to  -the  pattern  and  depends  on  defects  in  ihe  eye. 
nds  cutting  out  effect  Is  not  a  conscious  ope,  of  course. 

It  Is  possible  -bo  cite  o-ther  exsnples  shoving  how  the  brain  processes 
impressions  produced  on  -the  retina.  Fig.  shows  a  cvibe,  cylinder  and  sphere.  In 
ac-bual  fact  ve  are  dealing  vlth  flat  drawings .  But  ihe  arrangement  of  ihe  dndaws 
and  ihe  perspective  suggests  •  vlih  the  assistance  of  our  consciousness  -  ihat  ihe 
figures  have  voltxoe.  Ihe  perception  of  relief  by  an  eye  is  also  the  result  of 
consciousness  which  makes  allowance  for  ihe  distribution  of  shadows,  angular 
dimensions  and  so  on. 


Fig.  4^.  Perception  of  relief  due  to  shading. 

We  can  go  still  furiher  In  ihis  direction.  Let  us  look  at  a  photograih 
iaken  from  an  aircraft  of  territory  on  idxlch  manoeuvres  or  military  operations  are 
taking  place.  At  points  where  ihe  eye  of  an  Inexperienced  dbserver  sees  nothing 
bu-t  a  shapeless  spot,  ihe  reconnaisance  scpi;t  finds  a  tank;; sene  scrub,  completely 
/for  the  foxner,  Is  foixid  to  be  mil  of  soldiers  by  the  latter,  and  so  da.  Copious 
experience  and  work  With  photogra][hs  have  improved  ihe  "acuity"  of  the 

chserver's  vision  many  times.  Here>  too,  there  Is  imconsclousness  or  semlcons  clous - 
ness  by  ihe  brain  as  in  ihe  first  two  exspies,  plus  ihe  use  asidlously  acquired 
knsMledge.  Ihese  are  exactly  the  circmstances  under  which  ihe  astronomer  works  wlih 
the  telescope  or  the  biologist  vlih  a  microscope.  Ihe  image  vhldi  he  examines 
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conprlBM  far  more  than  they  can  aee  directly  iilth  the  eye.  But  one  haa  to  know 
how  to  see  "far  more".  And  to  do  eo  we  need  a  thorouj^  knowledge  of  the  theory 
of  inagea. 

Let  UB  begin  with  aatronoaiera .  Ihe  theory  cf  Imgea  at  heavenly  bodlea  la 
Blmple,  but  unfdrtvnately,  the  entire  alnpllelty  la  reduced  to  nil  on  account  of 
the  ataoBihere..  Let  ua  dlaregard  thla  defect  for  a  mcaient  and  alao  the  aberratlona 
in  the  optical  Inatruaenta.  Ihe  Image  of  a  atar  loc().ted  at  Infinity  Bhould  under 
theae  clrcumatancea  appear  aa  a  brli^t  apot  aurrounded  by  llj^t  and  dark  rlnga  • 

Ihe  distribution  of  the  Illumination  over  the  total  area  of  the  Image  la  known 
exactly  (aee  Fig,  34). 

Ibe  all^teat  change  In  the  object,  for  example,  an  other  atar,  al1hou|^ 
ita  distance  nay  be  many  times  less  than  the  diameter  of  the  mean  image  (l.e., 
closer  than  the  least  resoluble  distance)  means  a  change  in  the  image  pattern. 
Naturally,  this  change  Is  so  sllj^t  that  it  cannot  be  detected  by  the  eye  (althouc^ 
It  can  be  assumed  that  the  expert  iftio  has  mastered  his  trade  could  "see"  the  second 
star).  But  by  means  of  sensitive  photometer  sounds  iaeasuring  the  Illumination  of 
each  point  of  the  image,  the  Change  can  be  observed  and  deciphered,  l.e.,  laborious 
Alculatlon  detemlnes  the  position  of  the  second  star  and  Its  Illumination.  Ihe 
same  thing  applies  to  a  star  with  eui  appreciable  width,  l.e.,  hundreds  or  tens  of 
times  greater  than  the  diameter  of  the  central  diffraction  spot.  !lhls  width  does 
s>t  cause  any  appreciable  change  in  the  pattern  observed  by  the  eye,  but  the  dis¬ 
tribution  of  Illumination  over  the  spot  and  over  the  rings  Is  altered. 

Any  deviation  from  a  point  •  the  presence  of  other,  close- lying  stars  or 
stellites,  the  appreciable  angular  dimension  of  a  star,  irregular  Shape,  the 
presence  of  rings  as  In  the  case  of  Saturn,  or  deviation  from  g)herlcal  slmpe,  as 
In  the  smaller  planets,  -  has  an  effect  on  the  distribution  of  lllranlnatlon.  It  has 
to  be  admitted  tha+  this  way  of  measuring  the  variation  In  lllvmlnatlfln  Is  for  the 
moment  a  dream.  First  of  all,  the  effect  of  the  atmosphere  aaT<t  aberration  In  the 
objective  blur  somewhat  the  diffraction  pattern,  as  the  French  physicist,  Bolsee 
rl^tly  points  out  In  his  book  "Diffraction";  "Many  astronomers  assure  us  that  they 
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have  never  seen  these  notorious  rings  1hrou£^  their  telescopes,  althou^  they  are 
easily  dbserved.  in  the  laboratoxy”. 

The  second  db stable  in  the  vay  is  the  tremendous  difficulty  Involved  in 
measuring  the  illumination  distribution.  The  photometer-sounds  required  are  only 
Just  beginning  to  appear,  their  sensitivity  is  low  and  their  power  to  determine  the 
Illumination  of  very  small  areas  are  far  from  adequate. 

A  third  obstacle  is  the  difficulty  of  deciphering  the  data,  l.e.,  determining 
the  illumination  distribution  from  the  given  pattern,  furthermore,  there  is  no 
certainty  of  solving  the  problem  uniquely;  in  other  words,  there  maybe  several 
configurations  corresponding  to  the  same  distribution. 

Since  we  are  devoting  partioilar  attention  in  this  book  both  to  the 
frequently  encountered  and  also  theoretically  possible  errors,  we  should  point  but 
one  more  idiich  nay  easily  arise  when  seeking  ways  of  using  the  diffraction  pattern 
most  effectively,  l.e.,  increasing  the  pattern  to  a  considerable  size  so  as  to  be 
able  to  study  it  more  easily.  To  do  this  it  ml^t  seen  that  we  only  need  eKamlne 
the  diffraction  pattern  hr ou(^  a  microecope,  but  this  will  lead  us  Into  a  classical 
error  *  the  use  of  besns  with  small  apertures  to  obtain  large  magnifications. 

The  basis  of  the  error  can  be  ejqplalned  in  the  following  way.  The  diffrac¬ 
tion  pattern  which  we  intend  to  stxdy  under  the  microscope  emits  rays  contained 
within  an  extremely  aziULl  solid  angle  determined  by  the  aperture  angle  of  the  cfbject- 
Ive  of  the  telescope.  In  large  refractors  this  angle  is  of  the  order  of  (2*); 
in  a  reflector  it  will  be  more,  but  \uiually  not  more  than  l/l2  -  1/2O.  In  other 
words,  the  diffraction  image  of  a  star  viewed  as  an  object  radiates  a  beam  of  rays 
into  the  microscope  with  a  small  aperture  angle;  the  numerical  aperture  A  «=  n  sin  u 
of  this  beam  is  not  more  than  0.10  -  0.08.  But  according  to  the  rule  laid  down  for 
mlcroBcopes  the  useful  magnification  is  220  A,  which  in  our  case  is  20  -  22.  This 
is  such  a  weak  magnification  that  the  microecope  can  be  replaced  with  a  simple  eye  - 
piece  with  a  focal  distance  of  12  -  11  mm.  In  which  the  diffraction  pattern  is  Just 
about  visible.  If  the  magnification  is  greater,  the' diffraction  in  the  eye  of  the 
observer  cooes  into  play  and  the  Image  of  the  pattern  produced  by  the  ctoJectiveB  Is 
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The  futility  of  large  laa^iif ications  can  be  furtlier  explained  in  the  follow¬ 
ing  way.  Cie  useful  nagnlflcatlac  of  a  microscope  (and  also  a  telescope)  is  sudi 
Ihat  the  diameter  of  the  exit  pupil  of  the  optical  system  is  2  nm.  When  the 
nagiiflcatlon  exceeds  this  limit,  the  diameter  of  the  exit  pupil  drops  below  2  mn  and 
begins  to"dlaphra0ti''  the  eye.  As  long  as  the  diameter  of  the  pupil  is  greater  than 
1  am,  Ihere  is  no  particular  trouble,  except  for  a  drop  in  the  Illumination  of  the 
retina  (hence  some  vrlters  point  out  that  the  useful  magnification  of  a  microscope 
is  400  -  500  A).  But  if  the  pupil  is  further  decreases,  diffraction  and  other 
effects  in  the  eye  begin  to  play  a  considerable  part.  On  account  of  the  narrowness 
of  the  rays  Incident  on  the  lens  of  the  eye,  the  ihhcmogeneltles  of  the  latter 
appear,  so  to  say,  as  sharply  defined  spots  on  Hm  retina;  even  dust  particles 
floating  past  the  cornea  form  shadows  and  the  pattern  of  the  shadow  spots,  and  so 
forth,  is  added  to  the  diffraction  effect  on  the  retina. 

Ihe  same  results  are  obtained  when  taking  photograihs  with  a  microdbjectl’we 
since  the  latter  produces  a  diffuse,  blurred  image  on  account  of  the  extremely 
anall  relative  aperture.  The  solution  tu  the  problem  of  Improving  the  resolving 
power  has  to  be  sou^t  along  other  lines. 

As  an  example  of  the  correct  way  to  tackle  this  problem  we  can  quote  the 
Instrument  in  idiich  diffraction  is  used  for  the  purpose  of  improved  "vision"  of  the 
dBject,  particularly  stars,  the  angular  diameter  of  idilch  is  not  vanishingly  small. 
Qie  instrvnent  was  put  forward  by  the  American  physicist  Mich^lson  and  the 
principle  of  it  is  shown  in  ^ig.  46, 

To  mirrors  and  at  some  distance  from  each  other  (up  to  10  m)  are 

attached  to  a  teleecope.  The  latter  receives  beams  from  the  star  being  studied 
for  angular  diameter.  Thelbcal  point  of  the  objective  recelvee  a  picture 

similar  to  that  shown  in  Fig.  36.  If  the  star  has  an  angular  dlmenslcn  visible 
through  the  telescope  with  objective  with  a  diameter  equal  to  the  distance  between 
the  mirrors  Mi  and  1^,  the  ll^t  bands  ir^^the  interference-diffraction  pattern  widen. 


/ 

beccne  lit  afi& -disappear  at  a  certain  relationship  hetween  the 
dLstance  and  Mg  and  the  diameter  of  the  star.  This  device  has  made  It  possible  to 

aeasttre  the  diameters  of  a  large  mniber  of  stars. 


Pig.  k6,  Ifiohslaon's  arrangement  for  determining  the  angular  diameter 
of  stars. 

A  disadvantage  of  Mlch^leon's  method  Is  difficulty  In  deciphering  the  data: 
a  doable  star  gives  results  similar  to  those  obtained  for  a  star  of  finite  vldth. 

In  order  to  find  cut  idilch  of  the  two  possibilities  Is  the  correct  one,  the  mirrors 
have  to  be  rotated  about  the  axis  of  the  telescope  for  further  chservatlon.  If  the 
star  Is  a  doth le  one,  the  diffraction  pattern  changes  in  appearance  during  the 
rotation;  for  example,  when  the  mirrors  are  perpendicular  to  a  line  Joining  both  stars, 
the  same  pattern  la  obtained  aa  for  a  star  without  an  dbaervable  diameter. 

MldS^elson'a  aystaa  can  be  made  still  more  ccmplSK  by  increasing  a  nuaber 
of  mirrors  to  four  o:r  six  axtd  placing  them  at  the  cornera  of  regular  pol^edra. 

Ihen,  the  Interference^lffractlon  pattern  becomes  more  complex  as  the  area  of  the 
mirrors  Is  Incrsased^  and  approaches  more  and  more  closely  the  pattern  which  a  solid 
mirror  with  a  diameter  equal  to  the  distance  between  the  outside  mirrors  would 
produce.  But  these  systems,  althou^  slmplarto  mate  than  solid  ones,  are  tresiend- 
ously  difficult  to  adjust  auad  very  difficult  to  operate.  Ihere  is  reason  to  believe, 
however,  that  the  use  of  composite  objectives  Is  one  cf  the  trends  which  will  be 
followed  in  the  deslgi  of  astronomical  telescopes  of  the  future,  or  at  least  that 
the  Idea  will  be  used  to  solve  problems  which  cannot  be  tackled  In  any  other  way. 

How  do  matters  stand  with  microscopy?  On  the  one  hai:d,  conditions  are  more 
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favorable  •  -tbe  movement  of  the  atmosi^re  does  not  effect  rntroacopee  for  obvious 
reasons.  Pur-Uiexmore, (metEods  of  illuminating  the  object  are  available  and  accordhg 
to  clrcuBiStances  ve  can  cboDse  tiie  most  suitable  system.  But  here  the  root  of  tibe 
troll) la  is  llie  object  itself.  Structures  vary;  some  objects  maybe  gelatinous  and 
may  refract  rays  passing  tbxou^  them  (transparent  gelatinous  matter  acts  as  a  lens 
and  adds  still  more  interference);  some  if  Siie  objective  lay  have  a  fine,  .sharp 
structure  also  causing  diffraction*  As  a  result  Ihere  is  so  much  distortion  Ibat 
interpreting  the  pattern  becomes  an  extremely  difficult  Job.  Neverlbeless,  the 
problem  can  be  fully  solved.  Much  has  been  done  along  Hiese  lines  by  Roshdestvenskiy. 
Ve  can  hope  that  nev,  fresh  scientists  vill  take  the  trail  already  biased,  flh  l^t 
the  only  rl^t  one,  despite  all  Its  difficulties. 

Another  obstacle  ihlch  Is  often  encountered  in  microscopy  is  poor  contrast 
of  ineges.  It  la  due  to  the  fact  that  the  object  consists  of  sections  only  silently 
different  In  color,  on  account  of  vhlch  the  boundaries  between  them  are  hardly 
dlstlngnlahsble . 

Ihere  are  many  methods  for  improving  contrast,  among  vhidi  we  will  point  out 
the  system  used  by  Academician  V.  F.  Linnlk  (the  rays  pass  throu^  the  object  twice, 
bus  Increasing  the  contrast)  and  "color”  photography  in  the  ultra-violet  region  of 
the  spectrum,  developed  by  Ye.  H.  Brusherg  at  the  laboratory  rvn  by  Academician 
S.  I.  Vavilov. 

Ihe  second  method  is  as  follows.  Itaree  photographs  are  taken  of  the  same 
part  of  the  preparation  at  different  waveleni^ths  using  a  microscope  transparent  to 
ultra-violet  rayi  and  equipped  with  a  monodironator  for  the  ultra-violet  region  of 
be  spectrum  (this  makes  it  possible  to  change  the  wavelengths  of  the  ll^t  lllmlmtlng 
the  preparation).  The  photographs,  either  In  the  form  of  negatives  or  printed 
positives,  are  projected  onto  an  area  of  a  screen  by  three  projectors,  in  front  of 
>hlch  there  is  a  ll^t  filter  transmitting  only  one  of  the  three  basic  colors  -  red, 
green  or  blue.  Ibe  screen  shows  a  color  picture,  the  tinting  of  the  elements  in 
blch  is  detemlned  by  the  difference  h  the  blackening  of  the  corresponding  points 
on  the  photographs.  The  coloring,  however,  is  conditional,  thou^  it  la  related  to 


the  xiature  aod  doemlcal  coopoeition  of  different  parte  of  the  preparation,  lihe 
coloned  picture  not  only  poeaesees  greater  contrast  than  the  nornal  black  and  ^Ite 
but  also  inrovldeB  useful  Indications  of  the  distribution  of  different  aiibstances  In 
the  preparation  and  to  sane  extent  even  acts  as  a  siibstltute  for  chemical  analysis. 

Fig.  47  shows  a  "colored”  ultra-vlolat  photograph  of  a  cross-section  of  a 
plnecone,  taken  on  wavelengths  of  400,  300  and  2^  millimicrons.  Green,  red  and 
blue  filters  ver^i  used. 

Another  method  of  improving  contrast,  based  on  the  use  of  phaae  plates, 
will  be  described  in  Ch.  V. 

Great  assistance  can  be  rendered  In  recognizing  the  shape  of  viewed  objects, 
particularly  their  depths  by  the  stereoscopic  j^fect  used  In  binocular  microscopes^ 
this  effect  enables  us  to  see  the  image  with  both  e^s.  Another  method  of  solving 
the  problem  was  put  forward  by  Llnnlk.  It  Is  based  on  Interfirence  of  two  beams. 

In  the  Ii'innlk  mlcrolnterferometer  the  observer  sees  the  Image  of  the  object  against 
a  background  of  fine  hairs  -  lines  resembling  a  topographical  map  with  horizontals. 

At  points  where  these  lines  intersect  with  the  object,  they  form  planes 
parallel  to  one  another  half  a  wove  apart,  l.e,,  0,5  microns  apart.  They  represent 
sort  of  horizontals  indicating  the  relief  of  the  object.  Fig.  4*^  shows  a  photograph 
of  an  interferogram.  It  has  been  taken  from  the  end  measure  (Joganson  plate)  at  the 
stage  of  Incomplete  processing.  It  Is  easy  to  detemlne  the  depth  of  the  lines  from 
tortuosities.  The  distance  between  two  black  and  white  lines  representing  half  the 
iBvelength  of  the  radiation  Is  taken  as  the  depth  scale. 

The  photograph  clearly  shows  numerous  scratches,  the  depth  of  which  lies 
WLthln  several  tenths  of  a  micron. 

This  method  provided  valuable  information  on  the  structure  of  diatom  scales 
and  has  been  successfully  used  to  clear  up  a  nimber  of  dubious  facts  regarding  the 
structure  of  folds  In  the  diatom  Pleurosigma  angulatum  Smith). 

Another  example  of  the  use  of  the  interference  method  Is  the  treatment  of 
the  ihotograxh  of  the  diatom  Staurineis. 

On  the  left-land  sand  of  Fig,  49  we  reproduce  a  photograph  of  the  shell  of 
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Fig.  47.  A  "colored"  ultre-violet  photograph  of  a  cross-section  of 
a  pl">e  cone. 


Fig.  48.  Interference  pattern 

Li  N  N  \ 
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this  listom^  taken  thxou^^  an  ordinary  microscope.  ^  Interference  pattern  cannot 
he  r^roduced  In  print  on  account  of  the  oon^omeratloa  cf  detail,  hence  ve  only 
cthoir  a  fev  Interference  lines,  the  most  interesting  ones,  along  side  the  photograph 
of  the  diatoa. 

!Qie  horizontal,  2,  reveals  Ihe  presence  on  a  smooth  field  occupying  the 
miMle  of  the  shell  of  several  surface  twists  conpletely  invisible  during  noxnal 
analysis.  Furthezmore,  the  concavity  of  the  curve  facing  upwards  indicates  that 
the  field,  despite  all  obviousness,  rises  ahcve  the  rest  of  the  shell  surface.  Ihe 
zig-zag  nature  of  the  longitudinal  curves,  4,  and  6,  indicates  the  presence  of 

tzensverse  ribs,  also  invisible  in  the  left-hand  drawing.  Curves  1  and  3  give  an 
Idea  of  the  cross-section  of  the  shell;  the  black  Icngidudinal  line  is  not  a  cavity, 
but  a  protuberance,  'ihe  horizontals  provide  a  lot  more,  very  valuable  information 
on  the  structure  of  th«  diatom. 

It  should  be  pointed  out  that  the  interferogram  method  was  first  used  for 


biology  in  our  cowtry  and  has  already  produced  a  n>vt>er  of  interesting  new  results. 

Uhls  does  not  eihaust  the  possibilities  of  delving  into  the  region  of  the 
infinitely  aoall.  But  smong  the*  there  is  no  place  for  supemagnificatlon>  since 
this  method  carries  vn  further  away  from  correct  inages^pn  effect  .oe-p k we s 
/since  the  pupil  in  this  case  is  cut  down  to  such  a  small  otifdce  that  our  eyes 


are  not  in  a  position  to  distinguish  anything  on  account  of  diffraction. 
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Fig.  49.  Photograph  of 
armor  of  diatom  Staurlnels 


Sec*  9«  Llnltatlona  Impoaed  upon  optical  sytems  tiy 
aierrstlon  -  -  _  -  ,  ,  ^ 

In  the  foregoing  diaptere  ve  have  dlsregaried  the  effect  of  aberration  on 
the  (juaiity  of  tiie  Inage*  ^e  poaelblllties  of  optical  Instruments  are  limited 
either  by  the  undular  nature  of  ll^t,  vhlch  restricts  the  enlargement  of  optical 
systems,  or  by  the  general  lavs  of  optics  such  as  the  Iagrange*fielmholz  lav,  proving 
the  Impossibility  of  arbitrary  modification  of  the  structure  of  beams,  and.  In 
particular,  spelling  failure  for  all  attempts  to  set  light  to  objects  a  long  vay 
avay. 

Ihe  abexTations  Inherent  in  <^tlcal  systems,  for  their  part,  also  Impose 
limitations  on  the  characteristics  cxf  optical  systems,  for  exaieple  aperture  ratio, 
angle  of  vision,  and  resolving  power.  Althou^  aberrations,  as  distinct  from, 

I'i 

diffraction  effects  In  the  at  a  point,  can  be  theoretically  c(>rrected 

by  Increasing  the  complexity  of  the  deslgi,  in  actual  fact  there  are  obstacles  vhlch 
In  practice  prove  unsixmountable.  Few  people  know  about  these.  Even  those  idio  use 
optical  Instmaents  usually  under-rate  the  difficulties  Involved  In  crossing  the 
boundaries  Imposed  by  the  contemporary  state  of  the  theory  of  optical  systems,  and 
Insist  that  doslsiers  meet  absolutely  Impossible  specifications. 

Let  \i8  deal  only  briefly  with  Ihe  limits  Of  the  principal  diaracterlstlcs 
cf  telescopic  systems,  photographic  lenses  and  microscopes.  In  telescopic  systems 
the  angle  of  vision  of  the  eyepiece  is  limited;  for  the  normal  vlde^ngle  eyepieces 
It  cannot  exceed  6c  -  ,  and  in  the  case  of  .the  very  complex  deslgis  developed  at 

the  State  Optical  Institute  over  the  last  few  sears  It  Is  100  -  110^. 

Ihls  candltlons  the  objective  field  of  vision.  Indeed,  If  the  enlargement 
of  the  telescopic  system  le  the  angle  of  vision  In  the  space  of  the  objects  Is 
2v,  and  In  the  space  of  the  Image  2v',  then 


Ihe  relative  aperture  of  astronomical  refractors  consisting  of  two  lenees 
cannot  exceed  a  certain  point  on  accoiznt  of  the  so-called  secondary  spectnm,  i.e., 
the  residual  (irranovable)  chromatic  aberration  vhldi  stems  from  the  fact 


Iliat  the  frequent  Aliperslone  of  Ihe  objective  lenees  are  not  strictly  proportional 
t>  each  other*  To  avoid  eKoeselve  aberration  rings  due  to  this  aberration,  at 

Ibcal  distances  of  the  order  of  1  m,  the  objective  can  be  made  to  provide  relative 

•  '  -  O' ' 

apertures  of  up  to  ItlO  at  focal  distances  of  2  -  4  nm  up  to  1:12  •  l:l4, 
finally  up  to  1:15  In  the  largest  refractors. 

Ihe  use  of  certain  materials  such  as  llthlvsi  fluoride  and  fluorite,  vhlch 
are  now  made  artificially,  mill  enable  an  appreciable  Increase  to  be  made  In  the 
relative  aperture  of  these  dbjectlves*  Ihe  saae  thing  could  be  attained  by  ;<:!Slng 
phase  layers  coated  on  the  surface  of  one  of  the  objective  lenses. 

It  Is  curious  that  dothle  or  treble  apochrosmtlc  lenses,  vhlch  are  made  of 

V 

a  peurtlcular  type  of  glass,  cannot  be  made  vlth  the  relative  apertrnres  mentioned 
above  for  ordinary  double  objectives  on  account  of  the  great  curvature  of  the 
surfaces  vhlch  causes  a  considerable  residual  spherical  aberration)  at  focal 
distances  of  1  •  1.5  m,  the  relative  aperture  should  not  exceed  1:15  for  treble 
apo<hrcmat:S,aad  1:12  for  double  apochrooates. 

Syepleces  are  not  deai0xed  for  relative  apertures  usually  eKcaadlng  1:4  - 
1:5,  mainly  on  account  of  the  aberration  of  Inclined  beams  (coma,  astlonatlsm) . 

Microscopic  dbjectlves,  particularly  those  providing  hlfh  magnification 
(from  60  to  100)  should  have  a  large  n^B»rlcal  aperture  A,  providing  good  resolving 
power .  Hence  vben  calculating  them,  particular  attention  should  be  given  to 
oorrectieg  the  aberration  of  the  center  of  the  Image,  l.e.,  to  spherical  and 
hrosmtlc  aberration.  Ihe  quality  of  the  Image  very  rapidly  deteriorates  as  the 
point  of  the  object  moves  further  from  the  mlcroecope  axis.  It  can  be  considered 
that  the  linear  field  of  vlsloi  of  strong  microscope  objectives  Is  not  more  than 
a  tvlentleth  of  the  focal  distance  (f ) 

2/<^. 

If  ^  Is  the  linear  enlargement  of  the  objective.  Its  focal  distance  is  determined 
from  the  equation 

-  160 
/=-f  . 

uhere  l60  la  the  optical  length  of  the  tubus  In  millimeters.  Taking  thiis  expression 


into  aecouni^ve  get  for  the  linear  fleUL  of  liie  microscope 

a<f 

For  loNHoagnlflcatlcQ  dbjectivos  -IMb  eqmtloh  is  no  longer  YBlld.  since 
objectives  of  the  photographic  type  can  be  deslsied;  these  give  greater  fields. 

At  the  beginning  of  the  century  there  began  to  appear  microscope  objectives 
vilh  a  corrected  swface  curvature,  uhlch  contained  extra,  ihick  m^lscviB-type 
lenses,  as  distinct  from  the  conventional  type.  The  linear  field  of  vision  of  ihese 
objectives  vas  greater  tiian  in  ordSnary  ones,  and  Ihey  vere  particularly  suitable 
for  photographing  greatly  elonc^ted  objects. 

Mirror -lens  objectives  have  begun  to  appear  recently,  also  Corrective  for 
curvature  of  the  ima^  and  for  chromatic  aberration.  l]hfortusatd.y,  Ihe  inestimable 
presence  of  central  vignetting  someihat  spoils  the  quality  of  the  Image  produced 
by  these  objectives  In  Ihat  it  strengthens  the  bri^tness  of  the  diffraction  rings 
and  thereby  reduces  the  cor^v  ^t.  The  use  of  these  objectives  ^y  be  extended  to 
the  ultra-violet  region-. 

Photographic  objecti'^es  are  .•  by  an  enormous  nuntoer  of  fmateur  photo¬ 
graphers  and  quite  a  few  specialists  in  \arlety  of  professions.  It  is  no  wonder 
that  strict  and  often  contradictory  demands  are  made  upon  these  objectives,  for 
example,  large  aperture  ratio,  considerable  field  of  vision  and  a  hl^  resolving 
power ,to  boot.  Ihe  desl^i,  moreover,  has  to  be  simple,  light>welght  and  there 
should  be  no  loss  of  U^t.  Naturally,  all  these  conditions  are  Incompatible  and 
it  Is  only  the  specialised  objectives  which  are  good. 

An  ultra-rapid  objective  vith  a  relative  aperture  1:1.5  Intended  for  bad 
lifting  conditions,  with  a  focal  distance  of  the  order  of  100  mm,  cannot  have  an 
angular  vision  greater  than  35  -  ^0*.  When  the  focal  distance  is  pO  an,  it 
may  provide  fairly  good  liuagea  on  a  normal,  double  frame  (24  x  36  ma).  A  reduction 
In  the  relative  aperture  K,  keeping  approximately  the  same  degree  of  complexity  In 
design,  Increases  the  angle  of  vision  2w,  as  shown  In  Table  2  calculated  for  a 
focal  distance  of  100  nm. 

It  can  be  seen  from  Table  2  that  since  the  first  edi^tion  of  this  book  (1944) 


-Oxe  angle  of  vlalon  2«  for  K  aqiuala  1:1,  1:2,  1:3  baa  beeone  3  -  10*  larger.  Sila 
increaae  for  Ihe  aeae  relative  aperture  above  tiie  advancenent  In  tixeoretlcal  optica 
over  the  laat  decade.  Apart  froa  Isqprovament  of  the  quality  of  the  dbjectlvea 
(better  corrected  tji^n  the  earlier  onea)  ve  ahould  point  out  the  production  of  a 
niBriber  of  new  cjbjectives,  for  exaaq?le,  an  increaaed  rear  aegaent.  Intended  for 
nlrror  eeaeraa,  or  dbjectlvea  for  color  photography,  and  ao  on. 

Table  2  glvee  the  actual  llaita  of  preaent^y  photographic  lensee  o? 
medlvn  conplexlty.  Speciflcatlona  vhidi  do  not  lie  within  Iheae  llmlta  eliher 
reault  in  a  poor  Inage  or  elae  exceaaively  coaipllcated  dealgna. 

Ihe  phenanenal  developinent  of  mirror-lena  ayatena  has  oade  it  poaelble  to 
reduce  the  alze  and  nunber  of  optical  iaatrmenta,  whldx  la  particularly  Ivportant 
in  astronony  and  "long-range”  itrotograjiiy,  whldi  require  large  dlaaetera  and  only 
all^t  wel^t  (a  conaiderable  advantage  In  transporting  tixe  objectives).  !Ihe  most 
difficult  thing  to  achieve  here  is  a  small  ratio  between  the  length  of  the  tihe 
and  its  diameter  (rather  than  the  focal  distance  which  mlf^rt  have  seemed  natural). 

At  the  present  time  the  Soviet  optical  Industry  is  producing  mirror-lens  obJectivea> 
the  length  of  ihich  is  less  than  the  diameter. 

Ihe  use  0f  aspheric  swfaces  has  enabled  us  in  certain  Instances  to  simplify 
the  design  of  the  optical  system  by  reducing  the  mmher  of  lenses  but  without  any 
deterioration  of  the  quality  of  the  image.  Ihe  manufacture  of  these  surfaces  has 
not  yrst  been  assimilated  with  a  hi^  degree  of  acciiracy. 

'  Xhlculatlons  ahow  that  by  using  combinations  of  parabolic  and  hyperbolic 
mlrrora  and  small  correction  lenses  the  length  of  the  objective  can  be  made  3  or  4 
times  shorter  than  Ite  diameter. 

Certain  progress  has  been  made  in  constructing  extremely  rapid  photographic 
lenses  by  using  "super -heavy"  crown  glass,  the  composition  f  whldx  Includes  lanthamm 
and  other  allied  materials .  Back  at  the  beginning  of  the  century  methods  of 
manufacturing  artificial  crystals, were  poorly  developed  and  the  optical  IMuitry 
hardly  produced  anything  but  lithium  fluoride,  whereas  new  dozens  of  crystals  are 
being  produced,  including  fluorite  and  a  niaher  of  other  types  transparent  in  the 


Infrared  region  and  opaque  In  Ihe  visible  region  of  the  spectrum.  All  -Oils  has 
greatly  stepped  up  Hie  chcncee  of  making  spectral  devices,  |n  idildi  these  devices 
can  be  used. 

In  every  group  of  cptloal  Instnanents  there  Is  a  certain  celling  in  their 
basic  diaracterlstics :  the  relative  aperture,  angle  of  v^si<ri  and  else.  The 
dependence  between  the  aperture  (relative  aperture)  and  corresponding  naxlmm  angle 
of  vision  stands  out  particularly. 

Ihe  relationship  between  the  relative  aperture  K  and  the  naxlmm  angle  of 
vision  for  hlj^i-grade  dbjectlves  used  for  dl^erent. purposes  but  possessing  the 
same  total  distance  is  Shown  by  the  sisooth  curve  in  Fig.  30.  Ibe  curve  represents 
the  limit  In  the  possibilities  of  preseiA*^y  photographic  lenses.  Ihe  limit 
shifts  subtly  with  time  and  rises  as  the  design  of  optical  systems  becones  more 
complex,  new  materlalc  are  produced,  and  so  forth;  but,  the  shift  Is  a  slow  one  and 
is  evidently  tending  to  a  ^•:ertaln  Umlt.  What  Is  the  reason  for  this  phenomenon. 
Which  has  been  known  for  a  long  time  but  not  been  given  any  explanation?  Ihe  answer, 
of  course,  lies  In  the  theory  of  abM’rB.tion,  In  the  section  dealing  with  residual 
aberration  of  a  hlc^  order,  for  the  moment  inaccessible  to  us. 

It  Is  curious  that  the  product  1*  sin  u',  in  lAilch  1*  Is  the  distance 
between  the  image  point  and  the  axis  of  the  systm,  and  u*  Is  the  aperture  angle 
In  the  image  space  Is  constant  along  the  bovmdary  curve.  Ihe  latter  Is  a  curve 
close  to  a  hyperbola.  It  Is  strange  that  this  product  is  exactly  the  expression 

t 

Qontained  in  the  Iagrange<^elmholx  law.  But  It  Is  coiq>letely  lncoeq>rehenslbj.e  why 
It  should  be  Just  this  Invariant,  whidi  has  no  bearing  on  the  aberration  of  the 
optical  system,  but  merely  relates  to  the  luminous^  energy  flux  incident  on  the  film, 
that  Is  the  same  for  all  medlum-cosiplexlty  objectives  (or  hlj^ly  complex  ones). 

Sec.  10,  de  X-ray  microscope 

Ihe  wavelengths  of  electrooagietlc  vibrations  In  the  visible  region  of  the 
spectrum  range  from  0.3  to  0.8  microns,  hence  the  least  resoluble  distance  shown 
by  normal  qptlcal  systems  Is  of  the  same  nature. 

Much  greater  possibilities,  at  least  as  far  as  theory  Is  concerned,  can  be 


eixpeetel  fron  syiteaii  opexatlng  vllfa  x>rayi,  -Qie  vayelenffths  of  vhlch  range  from 
1  to  100  A  (I  micron  equals  10  A),  i.e.,  three  orders  smaller.  Hence  after  Lane's 
experiments  it  possible  to  determine  Ihe  vaveienglli  of  -Oiese  rays  (1912 )> 

creative  thouc^t  be^m  to  seek  nays  of  constructing  an  x-ray  microscope.  Ihe  Job 
proved  a  touc^  one.  Roentgen's  rays  are  hardly  refracted  at  all  and  only  are 
reflected  idien  1iiey  grase  a  sinface,  hence  conventional  optical  systems  are  here 
unsuitable i 

A  simpler  System  suitable  for  studying  very  tiiln  layers  of  mtter  Is  called 
Ifae  contact  system.  Its  principle  Is  as  follows:  a  -Uiln  layer  of  tiie  substance 
b  elng  tested  (O.l  -  0.2  mm)  is  brouf^t  Into  contact  with  a  fine  gialn 
solving)  photographic  plate,  after  vhidi  the  layer  Is  irradiated  with  a  beam  of 
x-rays,  as  far  as  possible  parallel.  Since  Ihe  plate  is  sensitive  to  these  rays, 
when  it  is  processed,  it  shows  a  full-sjke  image  of  the  layer.  The  Image  is  then 
enlarged  optically. 

A  disadvantage  of  this  isethod  is  Its  unsuitability  for  loW'«bsoxbing  layers. 
Ihe  use  of  thicker  layers  leads  to  blurring  of  the  image  and  a  loss  of  resolving 
power  on  account  of  the  noa-parallel  incident  beem.  It  should  be  pointed  out  that 
the  resolving  power  is  net  so  much  restricted,  by  the  wavelength  of  the  x-rays  as 
the  grain  slse  of  the  emulsion  on  the  plate. 

Another  version  of  this  "shadow"  method  is  iV)  following.  A  point  source 
of  x-zays  Smits  a  beam.  Ihe  object  to  be  observed  is  placed  a  Short  distance 
away  from  the  beam  In  the  fora  of  a  very  thin  section,  magalf  led  shadow  of  which  is 
projected  onto  a  xcreen  some  way  away  from  the  so\B'c>e.  To  attain  a  point  source 
there  are  various  methods,  but  they  all  boll  down  in  the  long  run  to  producing 
a  sharply  focused  electron  beam  at  the  anode  by  means  of  an  electron  mlcrbecope 
(ppezating  In  reverse).  The  path  of  the  anode  bosharded  by  electrons  forms  a 
virtual  point  source  of  x-raya. 

Fig.  91  shows  a  diagram  at  a  Soviet  device  In  which  the  point  source  Is 

foraed  by  an  electron  diffraction  camera^. 

^ 

For  more  details  see  article  by  G.O.  Baglyk'yanets.  X-ray  shadow  microscope. 

Biophysics,  1957#  1#  Vol.  4,  p,  341. 
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Fig.  ^1.  Diagram  <tf  x-ray  shadow  mlcroacope  In  which  point  source  Is  formed 
by  a  diffraction  cemera.  l)  electron  source;  2,4)  reducing  Imses; 

3)  electron  beam;  3)  anode;  6)  specimen;  7)  x-ray  beam;  8)  film. 

It  should  be  pointed  out  that  cn  account  of  a  nuaber  of  tedmioal  dlffl- 
cultles,  the  least  resoluble  distance  of  x-ra^"i^croscopes  is  not  less  than  1  -  0.3 
microns  for  the  laament.  No  great  reduction  in  this  figure  is  expected  in  the  near 
future. 

Ihus,  x-ray  shadow  methods  are  inferior  to  optical  ones  from  the  point  of 
view  of  resolving  power,  and  were  it  not  for  a  nmber  of  advantages  compared  with 
conventional  optics  (for  Instance,  the  possibility  of  penetrating  dense,  opaque 
bodies),  they  could  never  compete. 

Ihe  mlcroecopes  closest  in  nature  to  conventional  "visual''  ones  are  mirror 
microscopes  consisting  of  reflecting  surfaces.  As  shown  by  ea^rience  and  borne 
out  by  theory,  the  refractive  index  of  metal  media  throuc^  whldi  x-rays  pass  is 
very  close  to  unity  (sllehtly  less  than  unity). 


Fig.  32.  Total  "external"  reflection  of  x-rays. 

Hence,  instead  of  the  normal  total  internal  reflection  during  refraction 
throue^  media  transparent  to  x-rays ,  we  find  "total  external  reflection" .  What 
happens  here  is  that  the  rays  which  form  an  angle  greater  than  the  limiting 
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villi  Hie  noznftl  to  Hie  ■urfCt'ie  at  Hilch  reflection  oecxire  are  totally  reflected 
(Fig.  ’52) f  the  anc^e  being  determined  from  the  eqmtlon 

sin8- I.64-10*  XV7. 

ehere  ^  le  the  density  of  the  medlvm  In  g/cnP  and  X,  Is  the  vavelength  in  cm. 

Since  the  difference  between  the  refractive  Index  and  unity  la  only  a 
few  ten  thousandthe  the  ang^e  ^  ,  as  shown  by  calculation,  does  not  differ 

from  a  rlc^t  angle  by  more  than  a  few  degrees.  Simple  refraction  in  this  case  Is 
so  weak  that  It  requires  tens  and  hiaH.reds  of  lenses  of  the  most  refracting  metals 
to  produce  the  aagnlflcatlcns  attained  In  conventional  visual  llc^t  microscopes. 

Hence  x>ray  microscopes  only  make  use  of  total  external  reflection,  and 
the  mirrors  are  placed  at  extroee  angles  to  the  incident  beams.  A  special  geometric 
q>tlcal  system  has  to  be  built,  in  vhlch  the  angles  of  incidence  and  reflection  are 
close  to  90*  and  a  method  of  removing  aberration  has  to  be  found,  the  main  defect 
In  whldi  Is  the  absence  of  a  paraiclal  region  (a  region  in  vhich  the  angles  of 
Incidence  and  reflection  are  close  to  sero). 

Uhder  these  clrcusstances  there  Is  no  Image  In  the  conventiLonal  sense,  add 
we  have  to  use  special  measures  by  selecting  the  dhape  and  poeition  of  individual 
fiurl'aces  so  that  a  point  Is  represented  by  a  point,  even  thou^  by  means  of 
Inf  Inltely  fine  beams .  Use  Is  therefore  made  of  separate  elements  (Pig. 
consisting  of  two  cylindrical  mirrors  placed  perpendicular ''to  each  other.  It  Is 
quite  difficult  to  see  to  It  that  the  plane  of  the  Image  is  perpendicular  to  the 
principal  (central)  ray  In  the  beam.  Finally,  It  can  be  showu  that  cjorrectlon  of 
the  aberration  "coma"  Is  impossible.  Ihls  means  that  the  aperturt^  of  the  rays 
emitted  from  the  objects  does  not  exceed  0.0^  -  0.1. 


.  Reflecting  elements  in  an  XHHiy  microscope. 


Fig.  55 


Furthexmore,  the  accuracy  required  in  nanufacturlr^  surface*  of  cylindrical 

shape  on  accomt  of  llie  low  wavelet\gth  of  x>rays  has  to  be  dosens  of  times  greater 

titan  the  accuracy  required  for  the  most  hlc^ly  precision  optical  mlrrare.  Bven  In 

Ideal  manufacture,  because  of  tite  above  difficulties  (low  aperture,  cosm  ),  It  la 

impossible  to  bring  about  a  great  Increase  In  tiie  resolving  power,  ccmpared  with 

tile  power  provided  by  ordinary  "visual"  microscopes  -  Instead  of  tiie  theoretically 

*  ¥• 

poeslble  Increase  of  tiie  order  10  •  10  ,  is  hardly  possible  to  count  on  an  Incxeam 
of  10  or  20,  and  even  tiien  tremendous  difficulties  are  Involved.  Revertheless,  a 
few  models  of  microscopes  of  tills  type  have  been  built. 

X-ray  spectrographs,  idilch  make  It  possible  to  carry  out  spectral  analysis 
« 

over  tile  range  1  >  100  A,  are  of  still  greater  Importance  In  engineering  titan 
x-ray  Alcroecopes . 

In  this  case  prisma  annot  be  used  as  the  dlspering  s^  terns,  since  tiie 
refraction  Is  negligible,  even  for  the  densest  metals .  Ordinary  refraction 
grating  are  no  use  either  {except  for  the  difficult  and  useless  case  of  rays 
striking  the  lattice  plane  at  extremely  small  angles  of  tite  order  of  10  -  20') 
since  the  distance  between  the  Itnee  has  to  be  of  the  same  order  as  the  wavelengtii 
of  the  rays  used,  and  the  manufacture  of  gratings  with  millions  of  lines  per  milli¬ 
meter  Is  inconceivable,  or  at  least  at  the  mooent. 

But  nature  provides  us  with  natural  gratings:  crystals  constitute  an 
qsgltee^tlon  of  a  ton  In  the  form  of  a  regular  spatial  laitlce,  the  distance  between 

a 

the  atoms  amounting  to  1  -  ^  A .  Each  atom  In  the  crystal  as  a  scattering  center 
for  x-raya  ihich  are  coherent  among  themselves .  Ihese  rays  interfere  wltii  each 
other  and  exhibit  maxima  In  different  directions .  If  the  crystal  (aica  or  plaster 
of  parls)  can  be  made  cylindrical  by  bending.  It  acts  as  a  concave  grdtlng  and 
an  x-ray  spectnan  of  the  material  being  studied  can  be  produced  on  ll{^t  sensitive 
plates  (Fig.  54). 

I 

X-iay  microscopes  have  been  of  tremendous  practical  importance,  since  they 
have  enabled  ua  to  delve  deep  Into  matter  and  see  things  which  cannot  be  observed 
in  any  other  way.  But  they  have  not  solved  the  principal  optical  problem,  namely 


incx«ailii£[  tiie  TMolvlxig.j?o«er  la  cooiparlson  to  ordinary  "vlaual"  nleroacopea.  As 

1 

la  veil  kaoan,  the  leaat  reaoldble  dlatance  In  Ihe  natter  la  0.2  -  0.3  microna. 


/ir 


X-ray  nlcroacopea  have  not  provided  thla  degree  of  reaolutlon  for  the 
noBMnt.  Badi  of  the  above-daacribed  typea  of  x-ray  nieroaccqpe  haa  a  particular 
reaaon  for  thla  >  In  contact  nlcroacopea  the  re&aon  la  the  Inaufflclently  naall  alae 
of  the  aource;  In  nlcroacopea  cocsiatlng  of  nlrrora  the  aperture  la  too  email  and 
It  la  difficult  to  nake  the  aurface  vlth  the  required  preclalon. 

In  their  aeaxch  for  nev  vaya  of  Increaalng  reaolvlng  pouer,  Inventor  a  bhve 
turned  to  baana  of  electrona,  the  vavelength  of  dilch  la  atlll  eeveral  ordera 
anallar  than  thoae  of  x-raya. 


Fig.  Foanaatlon  of  x-ray  apectra;  1)  electron  been;  2)  x-ray  aotrce; 

3)  cryatal;  4)  ll^t  aenaltlve  layer. 

Sec.  11.  Electron  nlcroacope 

Over  the  laat  tvo  decadea  It  haa  becone  poaalble  to  uae  non-lunlnoua 
radiation  for  purpoeea  of  nlcroaeqpy,  that  la  to  lay  radiation  the  vavelength  of 
vhlch  may  be  thouaania  or  nlUlona  of  tliina  analler  than  for  ll|ht:> 

A  bean  of  elec^ona  poeaeaaea  theae  propertlea.  It  cannot,  dbvloualy,  be 
dbaerved  directly  by  the  eye,  but  vhen  th^y  inpinge  upon  a  fluoreacent  acreen, 
electrona  cauee  fluoreacence  lOilch  can  indeed  be  dbaerved;  the  bean  cf  electrona 
also  leavea  a  trace  on  a  photographic  plate.  !Qiere  la  a  far-reaching  ainllarlty 
between  ll^t  radiation  and  an  electron  beam. 

In  both  casea  a  certain  factor  (rlee  In  temperature.  Illumination  and  eo 
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forth)  cauie  th«  object  to  radiate  particles  •  llc^t  qiucinta  In  the  first  case  soi 
electrons  in  the  second.  In  their  motion  they  are  ho-Qi  equivalent  to  a  trSrin  of 
eaves,  -Qie  length  of  ihich  is  a  ftactlon  in  the  first  case  of  the  properties  of  the 
radiating  dbject  Itself,  In  the  sec^  of  the  flight  velocity  of  the  electrons. 

The  flight  velocity  maybe  varied  over  a  vide  range  by  superimposing  an  acceleratlr^ 
potential  difference  (for  example.  In  electros^^lo  tihes).  The  relatlonihlp 
between  the  eavelength (in  angstroms)  and  the  applied  potential  difference  V  In 
volts  Is  shorn  by  the  equation 


For  Instance,  If  the  potential  difference  Is  1^  v,  the  electron  vava- 
length  la  lA,  l.e.,  3000  times  shorter  than  the  eavelength  of  liiht.  At  values  of 
V  of  the  order  of  10  ^v,  commonly  used  at  the  present  time,  the  eavelength  A  ■> 

I  •  ^ 

0.04  A,  l.e.,  10  times  smallv  than  in  an  optical  microscope. 

In  the  same  eay  as  ll£^t  eaves  ehlch  are  refracted  ehen  passing  throng 
media  vlth  different  refractive  Indices,  the  electron  changes  its  direction  tnder 
the  Influence  of  an  electric  or  magnetic  field.  The  fields  act  as  lenses  refracting 
the  path  of  the  lieht  rays.  The  lavs  of  the  refraction  of  electrons  follow  from 
the  Fenet  principle  exactly  In  the  same  eay  as  lava  of  the  refraction  of  ll^t,  wd 
for  this  reason  the  ganeral  formation  of  imager)  in  optical  eyetems  can  be  applied 
vlthout  modification  to  electronic«optlcal  eysteme.  Hot  only  do  the  laws  of 
paraxial  optics  coincide,  according  to  ehlch  the  Image  of  a  point  la  a  point, 
rather  than  a  etrel^t  line,  and  so  forth,  but  electronic  lenaee  eleo  prodtce 
similar  sberratlons,  and  the  aberretione  (to  a  much  greater  degree  than  In  optical 
syet^)  restrict  the  resolving  poeer  of  the  eysteme. 

We  cannot  deal  here  elth  the  technical  aspect  of  electronlc«optical 

s. 

Instrunente,  especially  the  calculation  and  deelgn  of  electronic  leneee.  For  lixit 
foMove  ee  need  only  knov  that  by  selecting  the  rl^t  shape,  nuher  and  arranganent 
of  the  terms  and  metal  part«  creating  the  sagaetic  field,  or  cotkisneer  casing 
creating  an  electrostatic  field,  ee  can  satisfy  the  follovlng  conditions:  vlth  a 
certain  degree  of  accuracy  the  refraction  of  the  electron  path  is  proportional  to 


the  distaacA  between  12xe  point  of  Ibe  trajectory  and  -ttie  axle  of  llie  eyetem  -  a 
property  poeaeeaed  by  pptlcal  lensea. 

lihe  nacpietlc  field  oaiueee  the  electron  to  deviate  bolii  In  Its  direction  of 
motion  as  well  as  llie  direction  perpendicular  to  It,  so  that  when  passing  throuc^ 
a  magnetic  lens  field  It  describes  a  corkscrew  vllh  a  variable  radius  (Fig.  35), 
But  this  fact  does  not  effect  the  power  of  Ihe  electronic-optical  system  to  produce 
Images,  providing  Ihls  condition  Is  satisfied. 


of  electrons  In  oagoetlc  field. 

Ihus,  the  behavior  of  an  electron  been  (at  least  sdiesmtlcally)  can  be 
described  In  exactly  the  same  way  as  an  optical  system,  and  a  simplified  diagram 
of  an  electron  microscope  Is  an  exact  reproduction  of  an  optical  one. 

In  the  same  way  that  In  an  optical  microscope  the  object  viewed  may  be 
8  elf -luminous  or  lit  by  an  outside  lifjxb  source.  In  the  electron  microscope  we  can 
use  the  electronic  emission  rf  the  object  itself  produced  by  either  heating  It  or 
by  the  action  of  llc^t  rays  (visible  ones,  ultra-violet  or  x-rays),  or  else  by  the 
action  of  Ions  or  electrons,  or  alternatively  by  passing  an  electron  stream  throuc^ 
the  object,  which  absorbs  the  latter  to  a  lesser  or  greater  deepree  and  produces  an 
Image.  ' 

To  boost  the  speed  of  electrons  radiated  by  the  object  or  by  an  outside 
source,  a  potential  la  created  at  the  anode  differing  frfm  the  potential  at  the 
mthode  (electron  source)  by  tens  or  hundreds  of  kilovolts.  The  beams  of  electrons 
emitted  by  the  chject  are  gathered  by  the  first  objective  lens  In  the  plane  of  the 
primary  image  and  by  the  aecond  lens  of  the  objective  on  a  fluorescent  screen  or 
photographic  plate. 


Fig.  56  1»  a  diagrea  of  -the  electron  mlcroeeope  vllh  magnetic  field. 
Electrcna  leave  the  calhode,  1,  of  Ihe  discharge  tube  or  an  Incandescent  fllaaient; 
the  hitft  potential  (with  respect  to  the  cathode)  applied  to  the  anode,  2,  boosts 
the  electrons,  and  some  of  them  pass  throned  the  snail  opening  drilled  in  the  anode. 
The  electrons  are  concentrated  on  the  object  by  the  magoBtlc  lens,  3,  vhlch  plays 
the  peurt  of  a  condenser.  When  they  reach  the  object,  4,  the  electrons  pass  throu£^ 
it  aai  are  to  a  lesser  at  greater  degree  or  else  scattered 

accordhog  to  its  structure,  and  after  being  twice  refracted  by  the  objectives,  3 

and  6,  form  a  greatly  nagilfled  image  of  the  object,  8.  The  Image  is  either  viewed 

I 

directly  throu£^  the  dbservatlon  window,  7,  on  a  fluoreecent  screen,  or  else  ihoto- 
graphed. 

-y 

A  vacuum  of  the  order  of  10  md^g  is  maintained  inside  the  electron 
microscope  tUbej  the  presence  of  air,  even  thou|^  greatly  rarefied,  causes  con¬ 
siderable  absorption  and  scatter  of  the  electrons.  The  same  effect  was  produced 
in  the  ordinary  microscope  by  matte  glass,  or  more  accoirately,  a  nmher  of  matte 
lenses  placed  in  the  path  of  the  rays. 

An  interesting  feature  of  electron  microscopes  is  the  possibility  of  varying 
the  magnification  over  a  wide  range  with  hardly  any  change  in  the  position  of  the 
lenses,  by  varying  the  current  passing  throu^^  the  lens  windings.  The  useful 
enlargement  of  the  electron  microscope  is  now  as  much  as  100,000. 

Let  us  now  turn  JO  a  problem  of  the  greatest  Interest  to  us,  i.e.,  ihat 
we  can  see  by  means  of  this  type  of  microscope. 

Ohe  matter  is  by  no  means  as  simple  as  in  the  case  of  a  microscope  using 
vlsxmil  lic^t,  the  theory  of  which  has  been  fundamentally  worked  out  during  the 
300  yaars  of  its  existence.  The  electron  microscope  has  been  developed  in  very 
recent  times  aTv^  for  the  moment  there  is  not  much  data  available  on  it.  To  fore¬ 
cast  Its  poasibllities  is  almost  as  difficult  as  It  was  during  Levflnguk's  time  to 
Judge  what  microscopes  would  be  like  at  present.  Nevertheless,  the  experience 
hlch  we  have  gained  in  the  use  of  optical  microscopes  atd  the  information  which  is 


provide!  "by  llie  preieat-day  electronic  theory  enable  ue  to  nahe  one  or  two  pre¬ 
dictions  . 

IQie  possibilities  of  any  .Inatrunent  are  limited,  on  the  one  hand,  by  -the 
perfection  of  desloi  and,  on  the  other,  by  the  principles  on  ehlch  li  vorks. 

The  desl0i  of  a  presAt'^ay  optical  microscope  Is  so  far  advanced  that 
further  Improvement  cannot  bring  bbout  any  Increase  In  resolving  power,  the  limit 
0  f  which  Is  determined  solely  by  the  wavelength  of  lle^t . 

Ghe  electron  microscope  Is  still  In  Its  Infancy.  Its  lenses  are  probably 
even  Inferior  In  properties  to  those  used  by x the  first  mlcroscoplsts  In  the  XVII 
cAtury.  Ihe  ellmlnatlA  of  abeiratlA  In  the  electrAlc  lensA  Is  by  no  means 
an  easy  task  and  the  methods  of  correctlA  are  unclAr.  Furthermore,  cAtaln 
aberrations,  for  exanple,  dnrosatlc  (due  to  varying  electrA  velocities)  are 
erldAtly  Irremovable  In  principal,  since  ihen  passing  throu^  the  structure  of  the 
object,  the  elAtrons  lose  velocity  to  some  extent  at  different  points. 

Ihe  Aly  way  of  reducing  aberratlm  is  to  decrease  the  aperture  of  the 
mlcrAcope,  since  aberratlA  Is  IseveTBOly  proportional  to  the  degree  of  the 
aperture  angle.  At  the  presAt  time  the  nuserical  aperture  cf  elAtrA  micrACopes 
is  not  uare  than  0.02,  iherws  for  optical  mlcrAcopes  it  can  be  as  much  as  1.5, 
which  Is  100  times  gr Ater . 

We  need  Aly  reAll,  however,  the  development  of  the  optical  micrAcope,  in 
partlAlar  WewtA's  statemAt  of  the  fundamAtal  Impossibility  of  cArAtlng 
hromatlc  aberratlA,  to  r  Allze  the  need  for  the  grAtest  cautlA  in  making  coiaaAts 
of  this  kind.  It  can  be  assumed  tlat  in  time  mesA  will  be  found  of  dAllng  with 
the  aberrating  and  increasing  the  aperture. 

A  def At  of  the  electr a  micr Acope  difficult  to  remove  In  principal  Is  the 
mutual  repulslA  of  the  elAtrons,  as  a  result  of  which  they  are  unable  to  gather 
in  the  plane  of  the  object  at  one  mathematical  point.  But  this  disadvantage  An 
be  reducA  to  a  minimum  by  electrA  streams  of  very  1a  dASlty  not  apparently 
limiting  the  resolving  power  of  the  microscope. 

[Ihe  Avelength  of  vlbratiAS  caused  by  the  elAtrons  may  be  reduced  to 
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hiiwAraA-ttm  of  an  angitroni,  aa  abovQ  aliovv.  Hence  on  en  analogy  vllii  the  optical 
microBcope,  ve  ahould  eigpect  the  leae^  s^f^olible  dlatance  to  he  of  order  of 
himdredtha  or  tenlha  of  an  angatrom,  l.e.,  leaa  than  Ihe  alee  of  a  dioIbcuIb  ot  % 
aton.  (Hhe  dlaiaetar  of  a  ndlecule  rangea  from  aeveral  angatrona  to  htndredtha  of 
an  angatrom  for  oolaculea  of  certain  protelna)* 

In  actual  fact,  the  limit  of  tlie  reaolvlng  power  la  aet  hy  the  nature  of 
the  electron  and  Ita  action  on  the  object  which  It  la  auppoaed  to  detect.  An 
electron  can  only  detect  an  object,  for  example,  a  molecule.  If  It  collldea  vltli 
the  latter.  But  the  naaa  of  a  molecule  la  not  really  ao  large,  compared  vlt^i  that 
of  the  electron,  and  when  the  latter  la  moving  at  a  tremendoua  rate,  the  molecule 
either  loaea  Ita  Individuality  and  la  deatroyed,  or,  atbeat,  la  dlacarAad  from  Ita 
original  poaltlcn  at  a  rate  of  about  1  km/aec  and  laaedlately  diaappeara  from  al{^t. 
It  la  only  the  giant  moleculea  mentioned  above  ihldi  can  be  dbaarved  on  account  of 
'^elr  great  Inertia. 

According  to  the  Helaehberg  unc-eo;  TAi^ty  relatLonahlp,  the  leaa  the  naaa 
of  the  element  of  natter,  the  more  atate  of  motion,  l.e.,  Ita 

coordinate  and  velocity.  Ihla  uiitenjAiNry  la  already  ao  large  for  moleculea  that 
to  aee  them  In  motion  (in  the  aame  aenae  that  ve  aee  the  motion  of  an  dbject  with 
the  naked  eye)  la  gulte  Impoaalble.  There  la,  however,  a  connection  between  the 
Heiaenberg  relatlonahlp  and  the  vlewa  expreaaed  above  on  the  coUlalon  between  the 
electron  and  moleculea. 

Thua,  the  limit  for  viewing  throui^  an  electron  mlcroacope  can  be  conaldered 
largeHilae  moleculea;  thla  limit  la  hundreda  of  tlmea  greater  than  the  poaalUlity' 
of  an  optical  mlcroe»)pe.  It  ahould  be  pointed  out  that  over  the  few  ^ara  that 
the  electron  mlcroacope  baa  been  In  exlatence,  Ita  reaolvlng  power  baa  already 
become  30  -  30  tinea  greater  than  In  the  optical  mlcroacope. 

Uhfortunately,  the  poaalbllltiee  of  an  electron  mlcroacope  are  limited  for 
another  reaaon,  namely,  the  electron  beam  Impinging  'jipon  the  dbject  baa  an  effect 
on  It  and  In  certain  caaea  deatroya  It  Inatantaneoualy.  It  la  eapeclally  dangeroua 
to  bombard  living  cells  with  electrons  since  they  are  hardly  In  a  position  to  with- 


stand  121601  irll2i  impunity.  But,  her«,too,  liiere  axe  ine12iods  eoabllng  this 
difficulty  to  be  orvereoBie. 


CaUPBR  Y 


PHASE  .  AMPLITODB  AMD  nHOB 

SBC.  1.  Th«  rol»  of  to  iSxm  m.y  tawnry  of  la»a> 

fonafc-taca 

!Dm  action  at  an  optical  ayaton  nay  be  fully  «cplalne&  by  tiie  unialar 
natora  of  lli^t.  But  none  of  -the  urltera  of  taxtbooka  on  the  -OMoory  of  optical 
laatnaaota  haa  dared  to  do  ao  alace their/  '  voald'abauad  la  aathflaatlcal 
obataclea  of  too  aerloua  a  oature.  They  uaually  Halt  thanaebrea  to  proof  of  tlie 
fact  -Oiat  the  vaTa  theory  of  ll^t  espreaaed  by  aeaaa  of  Maxwell  eqoatlona  lapU** 
Ih^the  Ualtfne  caae  of  laflaltely  arfkll  lli^t  uaTelengtha  the  well^kaoan  f^aada- 
aentala  of  gaontrlc  optica,  detetadalag  the  patii  of  a  ray  throned  a  aedliai  with 
a  mrlahle  reftaetlTe  ladex,  la  particular,  the  Saell«J)ehartetlKaa. 

Qie  further  develapaent  of  the  theory  of  reflection  by  optical  ayataao  la 
baaed  aolely  on  theae  lava,  and  the  function  of  the  optical  iaatraaeiiba,  la  Ita 
t\im,  la  baaed  on  the  general  propertlea  of  ayatow  derlTad  frcai  the  leva  of 
gMnetrle  optica.  It  la  only  at  a  later  atage,  when  the  atudent  readiea  the 
prdblfln  of  the  reaolrlng  power  of  an  optical  ayatm,tfaat  he  haa  to  recall  the 
finite  warelength  of  Itnlnooa  oaclllatlona  and  detemlne  the  true  dlatrlbirtlon  of 
intenalty  la  the  laage  of  a  point  produced  by  an  Ideal  Caon^-aberratlng)  optical 
ajaten.  Here  geonetrlc  optica  la  not  left  out,  alnoe  It  la  atlll  required  for 
deterBdnlng  the  ware  awfacea  >  a  concept  belonging  entirely  to  geonetrlc  optica, 
but  eaaoatial  aa  well  for  calculating  defraction  phenoneaa. 

Ihla  aethod  of  deacription,  whldi  ia  prchably  the  only  poaalble  one  for 

pEKi*^^CeC> 

didactic  reaaona,la  apt  to  lead  to  the  -view  widely  held  by  the  M^Rc/apedallata 
in  optica  that  In  gaseral  outline  an  iaage  le  produced  In  accordance  with  the  lawe 
of  geoaetrlc  optica,  while  the  wave  nature  of  llc^t,  which  in  the  given  caae  Uhowa 
up  Ih  diffraction  ihenoavsna,  only  cfaangea  the  picture  of  the  laige  to  a  sllcht 
degree.  For  practical  purpoaea  the  change  la  only  appreciable  When  the  object 
In  queetion  poeaeaafia  an  extreneiy  fine  etructure  (a  point,  line,  grid  and  ao  on). 

The  laaga  of  a  point  produced  by  a  noa*«berratlng  optical  ayaten  tatea  the 


fom  of  a  point  In  accordance  vllh  geccietric  optics,  and  as  a  result  of  d^^ractlon 
phenoBiena,  takes  the  form  of  a  tiny  spot  surrovnded  by  feeble  rings. 

In  the  Bare  general  case  of  a  coDventlonal  optical  system  vlth  aberrations, 
-Uie  effect  of  the  nave  structure  of  ll,g^t  Is  only  lliat  the  aberration  pattern,  \ftxldi 
hardly  at  all  In  dlaenslomor  e^>neral  appearance,  assuees  a  more  Intricate 

nature,  accanpunled  by  very  tiiin  llg^t  or  dark  lines  that  sometimes  create  complex 
attractive  patterns.  In  short,  direct  observation  of  images  of  objects  vlth  a 
fine  structure  produces  the  impression  that  HVractlon  only  redistributes  the 
Ixmlnous  energy  to  some  extent  vithin  the  image  of  the  object,  little  effecting 
the  image  pattern  as  a  vhole.  It  can  further  be  said  that  the  save  structwe  of 
ll^t  Introduces  only  silent  corrections  to  the  isage  governed  by  the  lavs  of 
geometric  optics:  the  corrections^  can  be  dlsreja^Aed  In  all  cases  in  vhlch  the 
image  Is  not  studied  at  an  advanced  level. 

Ihen  ve  are  concerned  vlth  the  image  of  uniform  areas  of  more  appreciable 
dimensions  (depending  on  the  resolving  power  of  the  optical  system),  rather  than 
a  point  or  an  object  of  fine  structure,  ve  no  longer  find  any  fine  structure  In 
the  image  and  the  pattern  of  the  latter  astiumes  a  form  in  accordance  vlth  the  lavs 
of  geometric  optics.  In  this  case  the  dii^xactioa  almost  totally  disappears. 

These  facts  explain  the  conventional  arrengement  of  Information  in  text- 
books  on  geometric  optics  and  the  theory  of  optical  instrunents,  vhlch  the 
beginning  of  the  course  deals  vlth  the  theory  of  images  based  on  the  simple  lavs 
of  geometric  optics,  and  It  li  not  until  mudi  later  that  ve  find  the  chapter  on 
the  diffraction  image  of  a  point,  and  even  then  It  is  soemtlmes  in  sma'ller  print 
or  contained  in  a  supplement  vhlch  need  not  necessarily  be  read. 

It  can  be  easily  Shown  that  the  view  of  the  part  played  by  the  wave 
structure  of  light  y/vifLic^r  h  this  arrangement  of  the  text  Is  radically  vrong. 
Readers  gain  the  impression  that  ihen  there  is  a  slight  variation  in  the  optical 
system  completely  unaffectlng  the  geometrical  pattern  of  the  image  (for  exMople, 

Vhen  (Thickness  of  part  of  the  stxrface  Is  enlarged  by  a  magnitude  undetectable  by 
tNe  eyer  there  need  not  be  any  appreciable  (hange  In  the  actual  image.  In  actual 


fact  iB  nay  hap^tcn  Ifaat  the  Inage  becomes  unrecogilsable,  and  in  particular,  that 
it  may  Tanlsh  completely. 

Sac.  2.  Htiyaene  ^esnel  principle 

From  now  on  we  diall  nalm  frequent  reference  to  Ihe  Huygens  •Fresnel 
principle  which  ve  encountered  en  passant  further  back  (p.  88).  Let  us  now  describe 
this  principle  in  greater  detail  since  it  enables  us  to  calculate  the  distribution 
of  energy  at  different  points  in  the  beam  of  ll{^t  with  a  falx  degree  of  accuracy. 

Let  the  point  source  S  (Pig.  ^7)  radiate  rays  nomal  to  the  spherical  wave 
surfaces,  one  of  which  is  After  refraction  In  the  optical  system  00',  the 

rays  reealn  orthogonal  with  respect  to  the  new  family  of  wave  surfaces,  among 
whldi  ve  should  note  the  arbitrary  surface  A 'A,  In  accordance  with  the  Malus 
theorem.  Generally  speaking,  the  surface  Is  no  longer  clerical  on  account  of 
herratlon,  poor  quality  of  manufacture, or  other  factors.  Ihe  surface  is  determined 
from  the  following  condition:  the  optical  paths  S  nl,  l.e.,  the  stst  of  .  the  products 
of  the  segaents  1  counted  off  along  the  rays  and  the  corresponding  ref xetctlve 
indices  n  are  the  same  for  all  rays.  Ihls  means  that  the  llc^t  tzaT«i>$ 
from  point  S  (or  the  surface  of  the  wave  AA^)  to  the  wave  surface  A'A'^  In  the  same 

amount  of  time  for  all  rays  (a  co^ilmry  the  Fezmat  principle). 


Fig.  57.  Wave  surfaces  of  rays  incident  on  an  o$«.j.cai  spstem  and  refracted 
by  it. 

IQiowlng  the  position  and  shape  of  one  of  the  wave  surfaces  in  the  space 

between  the  hi^fes,  we  can  use  the  Huygens  •Fresnel  principle  to  determine  the 

lllunlnatlon  of  any  point  M  In  the  space  of  the  Images.  Ihe  lllvmlnatlon  is  equal 

to  the  square  of  the  amplitude  of  the  resulting  oscillatory  notion  at  point  )(, 

Sum 

hlch,  according  to  this  principle.  Is  defined  as  thejtotal  of  all  oscillations 
originating  from  all  elements  of  the  wave  smface  AA*  and  reaching  point  M,  Ihe 


effect  of 


%  L  .-r  -Mkis  I  ’/• '  M:  d.e.<  .-nc'tj.efl.  t)y  e««»ii4^ 


■’•  ii^'Cos  ■ 


jf;  eifep'it  fej-f e  ^  xfW-s  A%?  ,  d?..  :t®  ’.^.■rr-rk  cif  el^wtot  of 

-  ' .  '"  ?'"  '  '  '  ■  '  ■  '  ’  ■••■>'  ,  ^  ';  '  ■■  ,_ 

‘ -tS**--*  •.'i:»5st,  fja  lad*!,  gwiat  >i  S'M  ^  t*  ^ 

: /kYeliwgii*'- -  V  '  ' 

,/  ,  ..  k.  ■  ■  .  '  '3. 

joint  <-  '  tr;}?.!-? .-  'k.').'’ 

' .  Ht' .pojjftt  M,  is  jjrcyoi'tJoot*-'!  tbt  ,.  ^rtfe'sely  propoi'tt'-^^i  distance 

,  j?,  aa\i©!le<id  fo1.i»2»?a  trm  gfit  o-'v"'.  fe,.o  :;^]j4!rgatirib.  e'’  Frefinel'a 

Ideft  by  va,;atl,  •.f-u^-di  espreese*  ti'^e  'ii-ae'naW 


Ideft  by  va,;atl,  jc,  •.?-u‘.cli  espreese*  ti'^e  'ii-ae'naW 

’d,iitT3'^Witi-«i'ef  ‘.Taeyg.y  aio-ia  olc^ri■':^,  kx  to  frt  fr  ■  . 

nkaant  of  t.  ^wl  -Uie  ’^*’-  f-  vr.rdot  kt  iraaidfaes  ' ' 

'  4u»fia^  oi3;cw3ati.®’-i«  ccef ‘■'ieii'r  t  rfj'j-c.  V..  &Kt.  t!.  of  Hi® 

beaai',.''»al(sh.:iK:  iimi  is  gOTemni  by  .3  =:  t^ies-a  af  Uw}  eouree  it.ie-li^ 

:5Sius.>  the  effect  of  -&&«a  eir,  >:ts !»■!  t-  m  j  po,rHt  4  san  be  iep;ee«.io-t‘'i'‘'®®' 

product  of’  two  qc&atltleiSv  Eife  fira'  'if-it’-pf  /  ,*y  •;,,.  ts  \%Tiea  very  elcwly  as  “ate 

jositlon  of  the  eicauan't  da.  oja  tbe  ’i«a;'.y‘«- Ktffvv-*;  •  Ml  ,; ’  ..tSti®  Is  tb''.'  ay-.k'*- '.^sie  ®t' 

r  m  "  '  /' 

point  M,  !i3:ie  second  Jffiiltiplier  Cos vM.a  e  .^r-jsajvt®  &C  l\vu-'3'’" 'ereaGe  of  we 
#eB»ntary  .l-’-ewui  to  jaathcaatlcali.fosK:,.  >  ■•  -itf  c.3v‘>«%c  pcjsltiqo' 


#eB»ntary  bewii  to  jaathesaatlcal;  fos®,  >  -itt  >\ 

'rVM-t 

,;Of  the  eien'imt  dej  tfve;  atgie  :'  r.  -y  - ,'  n'-> 


i"'  'u'l  to  .4sii3''&' as  ^.tot  M» 


^  y/\ 


is; 


Fig,  58,  '  Vtector  addition  of  os-:!!, 


5  ;^lltr,4fe^.^. 


Every' iMpU3-e^-  by  toa  \t.^x  k' !».  .?■  b'.*i 


vector  AB  0?f6'V  ^8/^  tsit  .  .  vIvit:  In  '..>. 

'"S-j'v 

■  /;«  til  witii  tlae  ' 

X 

',  '  to®  ^llxode  I'j.w-T-vji  '  *-*  .'■i.-  ^i.o 


L  y 


^  .'H-Vt  ••  V 

'.-*.4  _  i.  4,  •  ;^1  r* 


c.t;  t>. ,  j 


c)btaine&  “by  TBCtor  addition  of  liie  coopooant  Inpulaee .  In  oittier  vordf »  total 
anplltude  la  repreaentad  by  the  aia  of  all  vectora  alMlar  to  AD , 

Let  ua  recall  that  -Oie  vector  representing  the  auu  of  -the  two  vectors  AE 
and  BC  la  tiie  vector  AC  Joining  the  origin  of  vector  AB  to  the  end  of  vector  BC, 
tbd  be^nnlng  of  ililch  adjoins  the  end  of  SB  •  We  should  point  out  that  the  pro¬ 
jection  of  vector  AC  onto  the  axis  AO^  la 

AC,  =  AB  cos  (p, + BC  cos  9,, 

vhere  and  are  the  respective  phaaea  of  the  vectora  AB  and  BC.  projectloa 
of  ACg  of  this  vector  onto  the  axis  AO2  la 

ACi  =  AB  sin  tpi  +  BC  sin  9,. 

Ihe  square  df  the  amplitude  of  the  resultant  vector  AC,  l.e.,  lllimiln- 
atlon  produced  at  point  M  by  the  teo  elenenta  dS]^  and  dsg  la  eqml  to  '^^‘e  sum  of 

the  squares  of  the  projections,  l.e., 

E  {AB  cos‘9,  BC  cos  9,)*  +  (AB  sin  9, + BC  sin  9,)*. 

This  result  may  be  extended  to  cover  any  nunber  of  elementary  vectora, 
representing  laqnilaea  from  different  elesaenta  of  the  vave  surface.  As  an  example, 
let  \i8  consider  the  following  case:  let  it  be  assused  that  part  of  the  optical 
surface  bounding  an  optical  medl\ra  protrudes  above  the  rest  of  It  by  t^^®  quantity 
A  ,  determinable  from  the  condition  that  the  difference  between  the  path  of  rays 
passing  throu^  ^  protruding  part  and  rays  passlx^g  Ihrous^  ^®®^  ^  is  H  ^  i-F 

WAv£LBA/erri 

THF/,  Purthexmore,  let  Is  be  assvBoed  that  this  part  ocoples  half  the  area  of  the 
airface,  Ihe  difference  ^ 

where  n  Is  the  refractive  Index  of  the  medium  which  this  surface  separates  frcm 
the  air.  If  X  »  O.OOO5  mm,  and  n  “  1.5,  then  A  0,0005  mm,  1.®*,  difference 
between  the  thicknesses  Is  so  small  that  it  cannot  be  detected  either  ty  the  eye 
or  by  touch.  But  the  effect  of  this  projection  Is  so  great  that  In  accordance  with 
the  Huygens  principle  mentioned  above.  It  totally  eliminates  the  Image  of  the  point, 
or  at  least  for  the  wavelength  In  question.  Indeed,  for  every  element  of  the  area 
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of  one  part  of  tiie  surface  there  Is  an  element  of  the  same  area  on  the  other  part, 
and  for  every  vector -Impulse  of  one  element  of  the  projecting  part  there  la  a 
vector  of  -Qie  same  length  on  the  other  part,  but  directed  In  the  opposite  direction, 
hence  the  resultant  amplitude  of  the  vector  In  the  plane  of  the  limge  (corresponding 
to  a  xxvoperly  made  surface)  la  equal  to  sero. 

Here,  however,  the  total  disappearance  of  the  image  does  not  occur,  since 
unlet;?  the  llcht  Is  monochromtlc,  which  usually  happens,  rays  with  wavelengths 
differing  from  the  basic  one  still  take  seme  part  In  the  formation  of  the  Image. 

Oils  example  lUastrates  the  tremendous  effect  of  variation  In  phase 
(or  optical  path)  In  a  system  on  the  type  of  image,  even  when  the  variation  Is  due 
to  factors  so  Insignificant  that  they  cannot  be  detected  either  by  the  eye  or  by 
touch.  !Qie  fact  has  been  Imown  for  a  long  time  (it  follows  directly  from  the 
Huygens  ^Fresnel  principle  established  at  the  beginning  of  the  XIX  Centuryl,  but  It 
Is  only  over  the  Ust  few  decades  that  it  has  cone  to  be  used  In  dealing  with  a 
ntniber  at  problems  Involving  the  qvallty  of  an  image  produced  by  a  system.  Sudi 
prdblems  Include  Increasing  r^A'reaolvlnE  power,  the  removal  of  harmful 

surrounding  a  d'^fraction  Image  of  o  point,  increasing  contrast  In  the  Images 
of  low-contrast  objects,  reducing  chromatic  uber;  i.icn  In  optical  systems  and  so 
on. 

«  • 

« 

Before  proceeding  to  make  a  more  'letci  !«;d  anulysis  of  some  of  the 
applications  of  spherical  properties  resulting  frta:  the  »«■(??(  strticture  of  ll^t, 
we  should  point  out  once  a^in  how  unfounded  ve  consider  the  widely  held  view 
that  optical  phenomena  Involving  the  forimtion  of  an  image  may  be  explained  In 
general  outline  by  the  laws  of  geometric  optics,  and  that  the  wave  structure  of 
ll^t  only  has  a  sii^h't  effect  on  the  pattern  of  the  image. 

Uhls  conviction  has  mislead  experienced  specialists  iho  are  accoustomed  to 
thinking  in  terme  of  gecmetrlc  optics,  and  sometimes  leeids  to  serious  errors, 
particularly  in  cases  In  idilch  diffraction  and  Interference  are  Intensified, compared 
with  >#iat  oeextrs  in  conventional  optical  systems. 


diffraction 


No-one  vould  dbvlouely  ever  think  of  fomulatlng  the  theory  of  the 
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for  the  Fabry-Perot  etalon  on  the  basle  of  the  lav  of  geometric 


optics.  But  there  are  borderline  caees  in  iftilch  It  Is  not  clear  vhether  dVfzactlon 
or  Interference  1*  predominant.  In  such  cases  all  calculations  to  determine  the 
pattern  of  the  image  can  only  be  made  on  the  basis  of  the  Euygeo  a -Fresnel  principle, 
and  in  those  cases  In  uhlch  ue  deal  vlth  quarittlee  much  smaller  than  uavelengths 
(iftildi  admittedly  Is  rare),  not  even  the  Huygens -Fresnel  principle  gives  the  rlc^t 


results. 


Sec .  3. 


?lltude  filters 


Apart  from  pbaae,  the  Image  of  a  point  Is  Affected  to  a  considerable 
extent  by  amplitude.  We  vlll  leave  aside  the  trivial  ceee  of  an  absoTbAAiT  neutral 
ll^t  filter  uhldi  veakens  the  vhole  ixmge  pattern  a  certain  nuaber  of  times, 

thouf^  It  does  not  Affect  the  telatlve  distribution  of  lUuDinatlon  and  does  not 

rH& 

therefore  /^ect/oontraet,  either . 

Let  us  consider  a  more  Interesting  case  in  uhlch  the  BHTfi.HNck  PoptL  is 
f  itted  vlth  a  filter  vlth  an  absorption  factor  differing  according  to  area.  It  Is 
not  difficult  to  Image  how  this  filter  Affects  the  Image  of  a  point  In  simple  cases. 
For  example,  let  us  suppose  the  filter  la  a  diaphrqp  vhlch  only  lets  li|ht  throu^^ 
a  small  central  aperture.  The  image  of  the  point  (aperture)  Is  eutiiHdeA  Ihe 


middle  spot  vldens  conelderably  and  the  diffraction  rlnge  spread  I  from  the  center. 

Ihe  resolving  power  of  the  system  Buffers  greatly. 

Let  us  s^lppose,  conver8d.y,  that  ve  cover  the  entire  aperture  with  a 

dlaphragii  except  for  a  narrow  ring  at  the  very  edge.  Both  theory  and  practice 

show  that  In  this  case  the  central  spot  la  reduced  In  diameter  while  the  Intensity 

(f  the  diffraction  rings  Is  appreciably  increased  and  approaches  the  intensity  of 

the  centzel  spot.  As  a  result  the  resolving  power,  dasslcally  defined,  is  Increased, 

but  on  account  of  the  brle^xtneea  of  the  rings,  the  diameter  of  the  Image  of  the  point 

is  actually  Increaaed  and  the  ccntraat  decreased  \very  odd  effect  le  produced  by 

O  I 

■be  amplitude  filter  C^lg.  ^9)  proposed  by  Soret  (and  also  Raylelcb)>  which  consists 


of  alternating  transparent  and  opaque  rings  of  the  same  area,  the  outside  xadll  of 


liildi  are  proportional  to  iixe  square  root*  of  Integers,  exactly  In  12x6  sane  nay  as 
for  ^reensl  tones  by  neans  of  Uhldi  Fresnel  proved  that  the  nave  structure  of 
!B.|^t  oan  be  cosqpletely  exQtlalned  by  rectilinear  propagation.  Oxis  filter, 
knoun  as  a  sone  plate,  only  lets  12xrou^  llf^t  dxzrijxg  tiiose  ptxases  ehlch  for  a 
glYsn  position  of  tixe  point  object  and  Its  Inage  result!  In  intensification  of  lixe 
total  aaplltuAe,  and  do  not  let  titxrouj^  ll{^t  lixidx  has  a  weakening  effect.  Hence 
^len  it  loaves  an  optical  system,  the  popiuof  vhlclx  contains  a  Soret  plate, 

apart  from  the  image  Muced  to  half  its  lllxialnatlon,  ee  can  observe  another 

series  of  Images,  uhlch  are  stron^y  colored,  thou{^  fairly  veak. 

But  If  the  dark  colored  rings  are  node  transparent  and  coated  elth  a  layer 
of  sxixatsaee  creating  a  phase  difference  of  half  a  eavelength  compared  vlth  the 
reaainlag  .transparent  spaces,  as  suggested  by  Wood,  the  basic  image  disappears 
olnee  all  the  elementary  Impulses  cancel  each  other  out;  ve  are  left  vlth 
"secondary"  i^ges  idxlch  could,  be  more  correctly  called  the  longitudinal  spectra, 
on  acoount  gf  their  extr esiely f efirdmatlc  aberration. 

As  ve  see^by  t^xe  amplitude  and  phase  of  the  oscillations  passing 

hrou||i  diff event  points  on  the  aperture,  ve  can  vary  the  image  of  the  point  over  a 
vide  rengs.  nxe  question  naturally  aria^  hov  vide  are  the  limits?  And  In  vhldx 
Vherss  of  optical  engineering  can  ve  utilize  these  possibilities? 


Sec.  4.  these  contrast  In  axlcroscopy 
When  studying  biological  preparations  under  a  microscope,  observers  often 
encounter  the  follArlixg  impediment:  transparent  preparations  (cells,  bacteria,  and 
so  on)  contained  In  a  colorless  and  transparent  medixmi  are  qilte  invisible  throuf^ 


the  eyepiece,  even  vhen  thete  dlaenslona  contlderably  exceed  the  least  resol;  ble 
llstsace*  In  order  to  inprove  the  visibility  of  the  preparations,  they  are  colored 
vltb  special  dyes,  but  the  latter  aleays  dlstuzb  their  fmctlons  to  sosie  extent  sad 
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ffect  their  behavior .  Ihe  dyes  very  often  result  In  destruction  of  the  preparation 
hence  in  oaay  oases  the  coloring  nethod  Is  unsuitable. 

A  long  tine  ago  it  uas  noticed  that  the  mlcroorganisns  mentioned  differ 
frost  their  surrounding  medium  in  refractive  index  (thou^,  admittedly  not  to  a 
very  Imrge  degree).  Furthermore,  they  often  possess  a  "relief %  that  Is  to  say 
they  differ  in  thickness  or  depth  from  the  medlini  In  vhlch  they 

axe  lasMrsed.  Ihese  org^lsms  are  sometimes  known  as  "dephaslng"  since  the  ll^t 
rays  which  pass  throuf^  then  xmdergo  a  phase  Jtsap,  compared  with  neic^orlng  rays. 

Beasts  of  rays  propagated  throo^  the  surrounding  medium  and  objects  being 
studied  are  drtually  imrefracted  and  move  In  exactly  the  sane  way  as  thou^  the 
medium  were  homogeneous.  Hevertheless ,  on  the  boundary  of  an  Object  there  is 
diffraction  due  to  a  snail  Jvmp  In  the  refractive  Index.  The  luminous  energy  is 
scattered  to  some  extent  or  o-^r,  the  scattering  Ittcreaslng  as  the  particle 
decreases  in  sise,and  the  discontinuity  in  the  refractive  Index  Increases.  Let  tts 
determine  the  nagnltuie  of  the  phase  Jump.  Let  us  asaume  that  In  a  medium  vith 
refractive  index  n  there  is  a  transparent  Impurity  (a  particle  M  of  thickness  d  - 
Fig.  6o),  the  Jump  in  whose  refractive  Index  Is  equal  to  A  n. 

Let  us  calculate  the  difference  In  the  bdbavlor  of  the  two  rays  AA*  and 
BB',  one  of  which,  the  former,  passes  through  impurity,  while  the  other  (BB*) 
only  goes  throu^  the  surroisadlng  medium.  We  viii  take  the  latter  to  be  bounded 
by  two  plsnee  f  and  F',  the  distance  between  Whldi  Is  d^.  Ihe  c^tlcal  path  between 

planes  P  and  P*  for  the  ray  BB*  is 

and  for  the  ray  AA ' 

(A  A')  =  (rf,  —  d)  fl  +  </  (n + Art), 

Ihe  difference 

(A4')-(5S')=,rfArt 

A  2jt 

causes  a  Jvmp  In  the  phase  eVV equal  to  =  diin. 
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!Ihls  discontinuity  Is  usually  snail  and  does  not  exceed  a  few  degrees. 
Uofortuostely,  tiie  conventional  optical  Instrusients,  Including  Mm  microscope,  are 
not  able  to  detect  Mm  "depfaastng”  object  since  the  mrlatlan  In  phase  Is  not 
accosQanled  by  a  change  In  anplltude,  and  1he  amplitude  of  the  rays  vhlch  have 
passed  throuc^  the  Inpurlty  remains  the  same  as  for  tliose  propagating  Hirouc^  the 
aurrounllng  medium.  Strictly  speaking,  by  means  of  a  ntmber  of  devices  (defocuslng 
vlth  a  reduced  aperture.  Indirect  Illumination,  and  so  on)  ve  can  bring  about  a 
certain  Increase  In  ccmtraat,  but  at  -the  price  of  appreciable  distortion  of  the 
similarity  between  Object  and  Image  and  a  decline  In  the  resolving  power  of  the 
microscope. 


m' 


A' 
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Fig.  6o.  Diagram  showing  phase  contrast. 

In  1931  the  Dutch  scientist  Zemlke  pointed  out  a  method  of  tuning  phase 
tarlatlon  Into  amplitude  variation  and  thereby  rnsJclng  dephaslng  objects  visible. 

Let  ^  be  a  plane -parallel  plate  made  of  a  non-abeorblng  material  C^lg.  6l). 
At  the  center  0  there  le  a  transparent  (non-absorblng_  Impurity,  the  refractive 
Index  of  Vhlch  differs  from  -that  of  the  plate  by  Ihe  small  value  A  n. 

Let  us  assume  lhat  an  object  Is  Illuminated  by  a  parallel  beam  of  rays 

I 

proceeding  from  Ihe  condenser  CC*,  in  Ihe  leading  focus  of  whldi  Ihere  Is  a  point 
source  of  li^t  S.  Having  passed  throu(^  the  plate  AB,  the  rays  continue  as  far 
as  the  microscope  ob  jective  LL*  without  being  refracted,  except  for  those  which 
have  passed  throu^  the  contour  of  tue  impurity  0.  Ihe  latter,  on  accotmt  of  the 
d  iscontlnulty  in  refractive  index  ^  n  on  the  boundaries  of  the  Impurity,  are 
diffracted  emd  form  a  beam  of  diverging  rays  (OL,  OL'  etc.). 

Whereas  the  jays  ihlch  have  passed  throu^  the  plate  AB  are  withered  at  the 
focus  F  after  refraction  through  the  objective  LL',  those  rays  diffracted  by  the 


edges  of  tile  Impurity  are  gathered  at  the  point  O'  after  refraction,  creating  an 
Image  of  the  impurity's  ,  uhlch  could  not  nomally  be  observed  throu^  an 

eyepiece  against  tbe  li£^t  background  created  by  the  first  beam.  !Ihus,  ihe  observer 
sees  a  uniform  fl^d  lacking  all  detail  the  eyepiece. 


eyepiece. 


Fig.  6l.  Behavior  of  amplitude  of  two  groups  of  oscillations  propagated 
a  microscope. 

Ihe  pbenoaenon  occurring  at  point  0  on  the  impurity  and  in  direct  proxlBlty 
to  it  can  be  Interpreted  in  terms  of  the  wave  structure  of  Uc^t  as  follows.  Let 
OA  (Fig.  6aa)  be  a  vector  mapping  the  luminous  Impulse  passing  tkrou^  the  plate. 
The  length  of  this  vector  1^  a,  ihere  a  is  the  amplitude  of  the  oscillations.  The 
angle  with  the  axis  (osclllatlcn  ihase)  is  taken  as  sero.  The  li^t  impulse 
produced  by  the  Impurity  is  mapped  by  the  vector  CB,  The  length  ct  this  vector  is 
a  since  the  ampllttJde  is  no  different  from  thsMk  of  the  first  oscillatory  moveaent 
(neii^er  medium  absorbs),  but  the  phase  of  the  second  differs  fron  the  first  by 

d(p  =  "Y  </  Art. 

Since  this  angle  is  very  small,  the  vector  CB  may  be  repneented  as  the 
sum  of  the  two  vectors  OA  and  CB,  with  AB  i.  QA  being  equal  to 

AB  =  a'  ~d^n. 

Consequently,  the  passage  throu{^  the  impurity,  has  as  it  were,  caxtsed  the 
appearance  of  a  new  impulse  of  low  amplitude  with  a  phase  dlffeelng  from  that  of 
the  principal  impulse  by  X'/2.  . 


Fig.  62.  Sm  of  amplitude  vectors  without  phase  plate. 


Hhua,  tvo  liDpulaes  pass  throu^  Inqpfurlty:  one  iblch  Is  the  same  as  the 
hnpulse  passing  thxbvi^  the  plate  and  can  be  called  the  background;  the  second  xihldi 
is  very  veak  and  differs  from  the  phase  by  X  /2 . 

Ihe  Intensity  of  the  transmitted  li^t  is  proportional  to  the  amplitude 
of  the  resultant  vector,  i.e./  the  sum  of  the  squares  of  the  amplitudes  of  the 
component  impulses 


o*  +  d  An^  =  a*  ^  1  4-  ^  flP  (^^)*] 


,  "  2 

and  since  h  n  is  small,  the  total  intensity  is  only  sli^tly  different  from  a 

(it  only  differs  by  a  value  of  the  se'jond  order  of  snellness).  For  example,  if  the 
Jump  in  the  optical  path  is  l/40  of  the  uaaelength,  the  variation  In  intensity  is 
equal  to  2.5^  and  practically  indistinguishable. 

lemlke  has  suggested  xnitting  a  so-^lled  phase  plate  P  in  the  rear  focal 
plane  of  the  objective  LL'  (at  the  spot  vhere  the  rays  passing  throu^  the  plate 
AS  ^ther  >  see  Fig.  6l);  the  thickness  and  refractive  index  of  this  phase  plate 
are  such  tint  when  oeclllatiana  pass  through  it,  they  experience  a  phase  change  of 


TT/s,  and  a  red.uctlon  in  aiiq)litude  throu#  absorption  of  thell^t  in  it.  Ihe 
dimensions  of  the  phase  plate  are  small  and  it  does  not  therefore  have  any  effect 
for  practical  purposes  on  the  beam  diffracted  by  the  impurity,  Die  vector  diagram 
in  Fig.  62a  now  assumes  the  form  shown  In  Fig.  62b.  The  vector  QA  has  turned  by 
7C/2,  let  us  say  counter-cloekwAse, and  has  beoa  reduced  to  dimensions  close  to  the 
lengtix  of  the  vector  AB.  The  latter  new  acts  in  parallel  to  OA.,  but  in  the 
opposite  direction,  and  the  resulting  vector  OB  is  equal  to  the  difference  (or 
sometimes  the  aua)  of  QA  and  QB.  Let  us  assume  that  the  transmission  factor  of 
the  phase  plate  is 't  ;  this  meeux  that  the  aiiQ)lltude  of  the  U^t  oscillations 
jpsslng  through  it  is  weakened  by  a  factor  of  The  intensity  of  these  oaclll- 

ations  as  a  result  of  the  tvo  oscillatory  motions  la  determined  by  the  equation 

Since  d  /Vn  l8  very  a&axx  t  ,  the  last  sumoand  in 

brackets  can  be  disregarded  and  we  can  write  down  the  following  for  the  intensity 


of  the  resultant  beam 


o*(x— 


In  the  example  given  above 


An  1 


Bven  If  ve  aeevBie 
txeneparent, 


*C  "  1,  l*e,,  that  the  j^ee  plate  la  absolutely 


2 


2n 

k 


d^n  = 


4% 


the  variation  In  Intensity  attains  30^  of  the  Intensity  of  the  backgrouDl>  aai 
the  impurity  becomes  visible.  By  giving 't  a  value  causing  the  multiple 


to  vanish,  ve  arrive  at  an  Intensity  of  zero,  l.e.>  the  impurity  appears  dark  on 
a  bright  background  and  the  contrast  between  1iie  latter  and  the  object  IS  naxlmum. 

Natuially,  the  theory  of  phase  contrast  Is  not  as  simple  as  may  seen  the 
case  from  these  hl^ly  simplified  arguments.  In  mtural  fact,  the  light  soizrces 
used  to  lllmlnate  the  preparations  are  by  no  means  points;  other  phenomena  occur 
when  oscillations  are  propagated,  which  ve  have  not  considered  here,  and  So  on. 

Ihe  devices  used  to  produce  phase  contrast  are  rather  complicated  and  so  far 
no  universal  method  has  been  developed  for  meeting  all  requlressmts . 

But  the  principle  of  jhase  contrast,  put  forward  by  ^emlke  by  which  the 
phase  discontinuities  are  converted  Into  amplitudes  and  enable  us  to  see  objects 
ihlch  were  unobservable  before,  has  considerably  Increased  the  possibilities  of 
9tlcs  as  regards  the  detection  and  study  of  an  extensive  class  of  very  important 
objects . 


As  distinct  from  the  example  given  above  (p.  l60),  ihlch  Is  notevorlhy  In 
that  the  Image  disappears,  we  also  find  the  opposite  phenomenon,  1he  apparance  of 
an  Invisible  object,  and  all  that  was  needed  was  a  lens  a  few  fractions  of  a 
micron  thlckl 


Sec.  5.  Ap>odlzatlon 

Inasmuch  as  the  asplltude-phase  filters  change  the  dlstrlbutlion  of 
Illumination  in  the  diffraction  image  of  any  object,  particularly  points,  very 
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vl&e  Units  (in  theory  any  req\iire&  dLlstrlbutlon  he  produced.),  ve  naturally 
txy  to  use  these  filters  to  Increase  ttxe  resolvtog  power  of  optical  instnnents. 

Even  before  the  systeaatic  theoretical  and  practical  study  of  &e 
potentialities  of  amplltude-phase  filters  was  begin,  some  of  -the  properties  of  the 
simpler  hind  were  Imown. 

It  was  known  that  If  the  in  an  optical  system  was  covered  over 

with  an  opaque  dlaphrasa  In  such  a  way  that  only  a  narrow  tone  at  the  edge  was 
left  open,  the  resolving  power  would  be  sll^tly  increased,  but  the  intensity  of  the 
secondary  rings  was  greatly  increased  and  became  almost  eq^al  to  that  of  the  central 
spot.  Ihla  device  was  used  on  occasion  by  astronomers  for  investigating  details  in 
constellations .  Here  we  are  dee,ling  with  an  amplitude  filter  which  totally  absorbs 
the  central  rays  of  the  beam  and  only  allows  thrcuf^  the  marginal  rays. 

It  was  also  known  that  an  optical  systaa  with  a  definite,  thou^  not  very 

I 

large  siherlcal  aberratlan,  idilch  plays  the  same  part  as  a  phase  filter  with  the 
corresponding  change  In  phase,  also  possessed  greater  resolving  power  than  an 
Ideal  systen  with  the  same  aperture,  but  that  at  the  same  time  the  Intenelty  of  the 
secondary  rings  was  increased  and  the  Intensity  of  the  central  spot  decreased. 

Over  the  last  decade  a  great  deal  of  research  has  been  carried  out  on  the 
properties  of  phase,  amplitude  and  mixed  filters  Cprlncipally  by  French  scientists). 
Ihe  researdi  has  been  msAe  difficult  by  the  exceptional  complexity  of  the  mathe¬ 
matical  opeiatlans  required  to  describe  the  relationship  between  distribution  of 
energy  in  the  image  pattern  and  distribution  In  th^Ject.  Although  the 
problem  bas  still  not  been  definitely  solved,  the  following  conclusians  can  be 
considered  as  VAi-io. 

1.  Amplitude  (and  not  pfasse)  filters  are  of  greatest  importance  for 
increasing  resolving  power. 

2.  By  means  of  amplltule  filters  we  can  increase  the  resolving  power 

(theoretically  to  any  extent),  l«e.,  we  can  bring  about  a  decrease  in  the  diameter 
of  the  central  spot.  However,  this  is  always  accompanied  by  the  foll^rlng  two 
rhfnflPi*na  'thlch  detract  from  the  advantage  of  reducing  the  spot: 
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Fig,  DljitrlbutioD  of  Imixxous  onergy  vltbout  filter  (curve  l)  and 
vltfa  special  aaplltuie  filter  (b)  Increasing  resolving  power 
of  spectral  Instrvsicnt  (Fig.  2). 

Calculations  show  that  these  assunptions  are  valid.  It  Is  comparatively 
eMy  to  calculate  for  a  case  in  which  the  souvce  of  li{^t  Is  an  Infinitely  Ihln 
slot  directed  by  an  optical  sjrstas  wllh  an  EMranMcf  fupU-  In  Ihe  form  of  a  slot  of 
Infinite  height.  Ihe  sides  of  ilie  slot  are  paxallel  to  the  light  source.  Uhls  Is 
the  case  with  spectral  InstninentB,  at  least  with  a  fair  degree  of  apprcKlmatlon. 
Fig.  61ia  shows  the  Uulnous  energy  distribution  whidi  can  be  dbtalned  In  the  Image 
of  an  infinitely  thin  slot  If  a  filter  with  absorption  dbeylng  a  certain  law  of 
Wirlatlon  Is  placed  In  the  Inlet  aperture  of  the  optical  s^tem  (Fig.  61(b)  . 

As  can  be  seen  from  this  figure  (curve  2),  the  first  two  side  naxlna  are 
totally  .'ailmlnated.  Ihe  following  maxima  can  no  longer  be  weakened,  but  on  the 
contrary, are  Intensified,  and  vary  considerably,  too.  Ihe  central  band, 

determining  the  resolving  pcwtr  of  the  system  Is  somewhat  broadened  and  absorption 
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a)  liiere  is  a  coiuild«ral)le  Increase  In  Intensity  of  12ie  side  rings,  aoi 
the  Increase  li  more  rapid  than  that  of  the  resolving  power.  In  other  words,  if 
we  reduce  the  diameter  of  the  central  spot  by  a  factor  of  2,  the  Intensity  of  the 
rings  exceeds  that  of  the  spot  by  a  fitctor  of  hundreds; 

b)  on  acomnt  of  the  fact  that  lusinous  energy  is  redistributed  orer  the 
zLngs,  the  amount  of  luminous  energy  In  the  central  spot,  whidi  in  normal  non- 
aberrating  optical  systems  is  8^  of  the  incident  luminous  energy,  does  not  exceed 
fractions  of  a  percent  idien  we  tise  the  absorbing  filter  I  And  if  the  resolving 
power  is  further  "increased",  the  amount  of  lualnous  energy  Incident  on  the  central 
spot  is  disastrously  decreased. 

It  is  clear  that  this  Increase  Inthe  resolving  power  is  of  no  practical 
interest.  >ve  can  hardly  speak  of  any  Increase  in  this  case,  since 

the  Rayleigh  criterion,  which  does  not  in  effect  make  allowance  for  the  effect  of 
the  rings,  in  view  of  their  low  intensity  loses  all  slgaiflcance.  For  purposes 
of  comparison  of  theerergy  distribution  curve  for  ordinary  conditions  and  the 
distribution  curve  for  an  amplitude  filter,  we  refer  readers  to  Fig.  63a,  vhldi 
shows  both  curves  on  the  sane  scale. 

Fig.  63b  shows  the  amplitude  distribution  on  the  filter  from  the  left<hand 
to  the  rig^t^iand  edge.  It  shouid  be  pointed  Cut  that  negative  amplitudes  are  also 
used  here;  this  means  that  the  areas  of  the  filter  with  our  negative  amplitudes  are 
(Dated  with  thin  layers  producing  a  difference  of  half  a  wavelength  between  the 
issms  passing  through  the  main  area  of  the  filter  and  those  transmitted  by  the 
remaining  area.  As  can  be  seen  from  the  diagram,  the  iilxsilnation  in  the  center 
has  decreMed  by  a  factor  of  4,  compared  with  the  llluslnatlon  (htained  idmn  there 
is  a  filter.  Ihe  resolving  power  is  Increased  approxismte^  20$',  but  ihen  the 
argunent  is  close  to  3X,  there  appears  a  new  maximum,  exceeding  the  central  one  by 
a  factor  of  51 

3.  Since  reductl(xi  the  sise  of  the  central  spot  is  virtually 
impossible,  we  can  try  to  solve  the  opposite  prdblem,  l.e.,  the  problem  of  removing 
the  side  maxiiaa;  here  we  should'  expect  a  certain  enlargement  of  the  central  spot. 


by  t2)e  filter  reducei  llie  intenalty  by  a  factor  of  0»yi. 

Qie  epectrograidi  fitted  vlth  a  filter,  diown  In  Fig.  &fb,  has  the  foUoeing 
advantage:  If  there  Is  a  veak  satellite  close  to  the  principal  line,  and 
satellite  is  situated  vltiila  -Oie  Interval  n^n^,  over  vhlch  the  side  naxlma  have 
been  ellnlnated.  It  vlll  not  be  ll^^t  filled  an  eouU  happen  If  tiiere  vere  no 
filter.  Attenpts  to  ellnlnate  a  greater  ntnber  of  side  naxlna  mean  an  even  greater 
decrease  in  intensity  of  'the  central  band  and  further  broadening  of  It. 

Ihus,  the  use  of  8ag)lltud.e  filters  say  In  cer-taln  cases  be  an  advantage. 
But,  generally  speaking,  any  enforced  sodiflcatlon  (alaed  at  Inprovenent )  of  one 
set  of  properties  Inevitably  results  In  deterioration  of  others ,  usually  ones  vhlch 
are  Just  as  Isportant. 

Dossier  has  shown  that  the  use  of  coshlned  phase  and  asplltude  filters  for 
Increashg  resolving  power  does  not  produce  beneficial  results,  either. 


and  evai  vhen  the  direction  of  it  forms  fairly  considerable  angles  with  the  axis 
of  the  objective,  since  In  the  latter  case  'the  resulting  photographs  are  to  some 
degree  fogged.  It  Is  also  Impossible  to  photograph  a  landscape  at  nl^t  If  It  is 


lit  by  bric^t  ll^ts,  the  laaige  of  ^ich  appears  In  the  fhotograph  In  the  form  of 
blurs  due  to  li^t  tvlee  reflected  from  the  lens  surfaces.  Ihis  Is  shy  It  Is 
difficult  to  oaks  out  anything  throu£^  binoculars  under  these  circunstaoces. 

The  reflection  of  ll^t  from  j  a/  teR  Piece's  vlth  different 

refractive  indices  Is  described  by  the  Tresnel  lavs,  according  to  shlch  the  ratio 
of  the  reflected  beem  and  the  incident  beam  depends  on  the  refractive  Idbx  of  the  -tM^o 
media  and  the  angle  formed  by  the  Incident  beam  and  the  normal  to  the  surface.  In 
most  of  the  optical  lenses  used  In  practice,  from  4  to  of  the  incident  li^t 
Is  ref lectedWH^/M  THfangle  of  incldencefnot  greater  than  30  .  Since  the  Fresnel 
lav  Implies  the  Impossibility  of  reducing  the  amount  of  reflected  lich'*:  belbv  a- 
certain  level.  It  is  not  surprising  tliat  until  recently  It  vas  absolutely 
impossible  to  get  rid  of  reflected  lifht  during  refraction.  But  the  appearance  of 
Rejiucej)/  (layers  m  the  twenties,  successfully  developed  in  the  IBSR  by 
GrAenshdilkov  and  Leibedev,  caused  great  surprise. 

In  actual  fact,  the  possibility  of  reducing  reflected  light,  evtp  vlthout 
these  layers,  follows  from  basic  principles . 

When  ll^t  falls  perpendicularly  on  a  refracting  surface,  the  ratio  of  the 

reflected  ll^t  to  the  incident  li{ht>  according  to  the  Fresnel  lav  Is 

A  — 

t  “ViJTFJir/  • 

there  n  and  n  are  the  refracted  indices  of  the  first  and  second  media, 

•- 1  - 1 

respectively. 

For  a  case  In  thich  n  ^  =  1,  n  1.5,  the  ratio  I^/[  ■»  4^. 

Let  us  assvne  we  coat  the  plane  surface  cf  the  second  medium  vlth  a  layer 
vlth  a  refractive  Index  n  1.25  (Fig.  65a).  Let  us  calculate  the  losses.  In  the 

1. 

first  surface  they  are  equal  to  (O.25/2.25)  «  0.012,  and  In  the  second  (O.25/2.50) 

=  0.010.  Ihe  total  losses  amounted  to  0.022,  that  is  to  say  only  2.2^  instead  of 
4^.  In  other  words  they  have  been  halved.  It  Is  easy  to  show  that  If  ve  use 
ten  layers  Instead  of  2,  and  the  refractive  indices  are,  respectively,  1,05,  1.1, 

1.15,  1.20  and  so  on,  the  total  losses  is  not  greater  than  0.4^,  l.e.,  smaller 
by  a  factor  of  10  than  if  there  were  no  layers .  Unfortunately,  the  system  is 
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refractive  ladlcee  cloee  to  unity,  but  theoretically  the  Idea  le  perfect.  It  is  a 
curious  fact  that  Ihe  IhlclQiess  of  the  layers  Is  of  no  Importance;  fur^iiermore,  -the 
losses  mould  be  the  some  for  rays  vlth  different  vave lengths,  since  the  refractive 
indices  change  vlth  mavelength. 

In  actual  fact  the  /M|[1s  <^ite  possible  by  a  considerably  simpler 

method^y  using  oie  extresiely  thin  layer^^but  only  on  account  of  Interference. 

Let  AB  (Pig.  6^}  be  a  ray  striking  the  surface  separating  air.  (n^  ■■  l) 

from  glass  vlth  a  refractive  index  n2.  Let  us  assvue  that  the  glass  is  CoAreO  vlth 

a  thin  layer  of  tmnoparent  seterlal  vlth  the  refractive  index  n.  Some  of  the 
qoergy  of  the  ray  la  reflected  from  the  surface  of  the  layer  some  of  It  Is 

refracted  in  the  direction  BO  and  is  partially  reflected  and  partially  refracted  at 
point  C.  ihe  brl^tness  of  the  reflected  ray  ^2  ^  calculated  from  the  ^resnel 

eqmtion.  It  Is  easy  to  ivctre  that  If  n  the  brl^toeas  of  the  ray  BA^ 

reflected  from  the  layer  is  equal  to  the  brl^tness  of  reflected  from  the  glass 

If  the  difference  in  the  path  (BC  -f  CD)  between  the  rays  ABCDd^  end  ABA^  is  half  the 

the  wavelength,  then  the  interference  of  the  coherent  beams  Dd^  and  BA^  cause  the 

oscillations  in  these  beams  to  cancel  eadi  other  out,  and  the  brl^tness  of  the 
reflected  lifht  is  eqml  to  zero.  Hence  all  the  energy  is  refracted. 

ihe  disadvantage  of  the  "Interference"  method  of  eliminating  reflected 
heht  Is  as  follows,  ihe  total  elimination  of  the  osclllatlonB  only. occurs  at  a 
definite  wavelength  .  At  other  wavelengths  it  does  not  occur,  and  even  at  small 
deviations  from  Xj  the  rays  are  appreciably  reflected,  ihls  produces  a  violet 
tinge  found  in  zohtex/  Lenses  due  to  complete  reflection  of  the  bltae  and  red 
rays. 

It  has  been  possible  to  some  extent  to  eliminate  this  undesirable  effect' by 
using  two  or  even  three  layers  together. 

Coating  the  lens  surface  with  thin  layers  makes  It  possible  to  eliminate  the 


reflection  of  ll^t  on  the  refracting  surfaces  as  veil  as  to  Increase  liie  reflective 
power  of  -Qie  surface,  ^e  c<?^t/4'li>can  he  used,  as  veil  to  Increase  Ihe  reflective 
power  of  metal  layers  -  silver,  alumlnun  or  even  dielectric  coatings  irtxlch  are 
applied  to  glass  svirfacee  when  making  mirrors .  The  use  of  such  layers  increases 
the  reflective  power  of  silver  from  S2  to  99^. 


Fig,  65.  Reduction  in  loss  during  reflection:  a)  without 

use  of  interference  effect;  b)  with  use  of  this  effect. 


See.  7,  Interference  lenses 


As  Fresnel  shosed,  the  rectilinear  propagation  of  ll^t  due  to  the  fact 
tiat  Ihe  Individual  surface  zones  of  the  wave  created  by  the  luminous  point 
canpensate  each  other,  except  for  an  extremely  small  center  area  between  the  source 
and  the  observer .  This  formulation  {five  Soret  and  Faylel^  the  idea  of  making 
plates  vhich  would  only  allow  throu{^  oscillations  with  an  amplitude  of  one  st 
and  would  restrain  the  others.  Plates  of  this  kind  must  possess  focusing  (ccnden- 
s Ing^propertles  . 


They  consist  of 


transparent  and  opaque  rings  of  equal  area.  If 


h^  Is  the  radius  of  the  outer  clrcumfermce  of  the  first  dark  ring  QA^  (Fig.  66a), 
It  can  be  assvimed  that  the  "focal  distance"  of  the  aone  plate  Is  determined  by  the 


e  quatlon 


±  2X 


Let  0  and  O'  be  two  conju^te  points,  l.e.,  let  them  satisfy  the  condition 

111 

where  s  and  s'  obe  the  distances  between  the  plate  and  the  object  and  lma£Ee,  taking 


iiie  8igi  rule  Into  account  (Fig.  66b).  Calculatlona  ehov  that  the  optical  peitfa 
between  -the  points 0  and.  O',  l.e.,  the  eua  of  the  eecpnente  OH  -f  MO*  during  paieage 
fron  the  beginning  to  the  end  of  Ihe  lone  (from  point  0  to  or  frani  to  A2, 

for  exaavle),  le  Increased  by  ,  idxlle  the  phase  Is  Increased  by  2 1C  .  Since  a 
phase  dmnge  of  Ihe  Integer  2 1C  doee  not  alter  anything  In  the  oeclllatory  motion, 

It  can  be  said  that  for  point  0*  the  oscillations  occurring  on  all  the  clrcuaferences 
QAi,  QAg,  QA^;  ...  etc..  In  bazmony,  and^me  pulses  from  these  clrctnferences 

are  sunaed  at  the  point  O';  hence  O'  can  be  called  the  Ismge  of  point  0.  Further¬ 
more,  the  Image  Is  not  a  gjoi  one,  since  the  other  sones  of  the  plate,  for  example, 
thoee  sham  by  a  brdoen  line  In  Fig.  66a,  althouj^  harmonised  with  respect  to  ihase, 
are  not  coordinated  with  the  foregoing  ones,  and  the  amplitude  of  oscillations  from 
these  zone8A'0^'^f<(ta2  up  arithmetically  ,  but  are  sunned  as  rectors.' 


An  exact  calculation  diows  that  only  10^  of  the  luninous  energy  Incident 
on  the  plate  readies  point  O' ,  being  absorbed  by  the  opaque  rings  and  koft 
forming  a  nusher  of  other  Images .  Ohese  extra  Ixmges  are  found  at  all  points  of 


the  axis  00'  for  which  the  optical  path  00'  (n  is  the  nuniber  of  the  pint)  Is 
Increased  by  2  k  during  passage  from  one  ring  to  the  next.  In 


other  words,  the  none  plate  possesses  an  Infinitely  large/of  foci  determined  by 


the  equation 


lAiere  k  is  an  Integer 


Wood,  suggested.  Ilie  following  laprovenent  to  tbe  system.  Instead,  of  trans¬ 
parent  layers,  he  jmggested.  coatings  prod.ucing  a  phase  d.ifference  of  a  half  wave. 
This  stepped  xip  Ihe  useful  amount  of  lig^t  omverging  at  the  center  of  the  point  . 
image  4  times,  althou^  the  basic  disadvantage  of  the  zone  plate,  the  multiplicity 
of  foci  •  remained  as  before. 

But  we  can  go  further.  Ve  can  make  the  plate  in  the  shape  used  by  Fresnel 

f^  his  lie^thouse  lenses,  but  on  a  microscopic  scale;  the  width  of  the  serrations 

is  about  one  micron  (Fig.  6?),  ihile  the  thickness  of  the  plate  varies  with  the 

hel^t  according  to  a  law  ensxirlng  that  the  optical  system  OM  _ _  4  NO'  for  all 

-n 

points  on  the  ring.  When  going  from  one  ring  to  the  next,  the  optical  path  of  the 
ray  is  increased  by  /)  '  ,  ihile  the  phase  skips  which  is  tantamount  to 

no  J\iBp  at  all. 

A  lens  with  this  profile  possesses  the  property  of  an  ordinary  lens,  that 
Is  to  say^it  produces  a  sharp,  single  inage  of  the  point  at  a  given  wavelength  and 
At  any  position  of  the  object.  The  aberration  in  zeys  of  this  wavelength  is 
similar  to  conventional  lenses,  except  that  the  spherical  aberration  is  more  easily 
limited  and  there  is  no  curvature  of  the  plane  of  the  Image;  this  is  lispoeslble  in 
conventional  lenses. 

Ihe  resolving  power  of  thejLmises  with  a  profile  of  this  kind  -  wbl^  we 
call  phase  plates  -  is  the  same  as  In  ordinary  lenses  with  the  same  focal  distance 
axtd  diameter.  The  main  difference  between  phase  plates  and  ordinary  lenses  is  that 
the  former  eshlblt  tremendous  chromatic  aberration,  depending  solely  on  the  wave¬ 
length  X  and  not  the  material  of  which  the  lens  is  made.  This  aberration  is 
approximately  20  times  greater  than  in  lenses  made  of  borosllicate  crown  glass. 

Here  the  Images  in  the  rays,  whose  wavelength  X  differs  from  ,  dadilbtt  a 
remarlsble  property  -  their  bri^tness  is  less  than,  that  of  the  l^age  of 
principal  color.  The  drop  in  bri^tness,  however,  is  small  If  the  area  of  the 
spectnm  employed  (for  example,  the  visible  region)  isiot  excessively  wide.  The 


reBolvliig  power  does  not  vary  here . 

Ohe  f  w>)d^p3jB>te  nay  be  calculated  In  such  a  wey  that  It  compensates  the 
residual  chroe&tic  aberration  of  ordinary  two-lens  objectives  used,  for  example, 
in  astronoaical  telescopes ,  / ibis  aberration,  idxich  is  called  the  secondary  spectrvn, 
is  BO  great  that  it  prevents  us  obtaining  a  clear-cut  picture  of  the  celestial 
bodies  andjls^  reason  lAiy  over  the  last  few  years  not  a  single  large  refractor 
has  been  built,  whereas  an  ever  greater  nteher  of  mirror  telescopes  free  from 
diromatlc  aberration  have  been  constructed  and  put  into  service.  The  calculation 
shows  that  the  addition  of  a  lens  of  a  focal  distance  equal  rou^ly  to  7  tines  the 
focal  distance  of  the  objective,  coated  on  one  side  ifith  phase  layers  of  a  certain 
shape  (from  30  to  y)  layers  according  to  the  objective  diaracterlstlcs )  enables  us 
to  reduce  the  secondary  spectnm  by  a  factor  of  I3  to  20.  Unfortunately,  the 
manufacture  of  these  layers  involves  great  technical  difficulty. 

We  should  point  out  once  a^in  that  when  studying  the  phase  plates  described 
here  argmnents  based  on  geonetric  optics  are  a  great  danger;  they  may  lead  to 
absurd  conclusions.  An  error  resulting  from  such  arguments  increases  as  the  width 
of  the  zones  and  the  mid>er  of  them  decreases. 

Ihe  use  of  thin  coatings,  described  here,  far  from  eshausts  their  posslbliltles , 
Ihe  possibilities  resulting  from  the  modified  amplitude  and  phases  would  net  have 
nr^i&reD  ,  had  not  ll^t  been  of  an  undular  nature. 


Fig.  67. 


Improved  profile  of  zone  plate. 


Sec.  8.  ScB»e  more  about  resolving  power  and  the  amount  of 
information  provided  by  an  optical  system 

Ihe  arguments  contained  In  Sec.  8  in  Ch.  IV  may  give  rise  to  undue  hope 

that  It  may  be  possible  to  unearth  details  in  optical  systems  for  ^ich  there  is  no 


/ 


provlBlon  in  Hie  normal  theory  of  resolving  power .  If  we  assxme  that:  the  receiver 
possesses  infinite  resolvlxig  power  (i.e,,  that  it  does  not  itself  introduce  any 
change  In  the  pattern  of  the  image)  and  that  there  is  no  Interfe/ <^jce  from  the 
atmosihere^nor  aberration  in  the  optical  system.  It  mif^t  he  thouth'^  that  an 
experienced  analyst  of  image  patterns  ml^t  he  able  to  glean  a  ccnslderahly  greater 
amount  of  information  than  on  the  basis  of  the  classical  theory  of 

resolving  power. 

Co/n  pt-gX 

Unfortunately,  this  is  not  the  case^^  E <tr emely|  ina-Qiaooatlcal  operations 

based  on  equations  resulting  from  the  Huygens -Fresnel  principle  show  that  an  image 
pattern,  l.e.,^ distribution  of  bri^tness  in  the  plane  of  the  image,  may  be 
prodTiced  not  by  one  dbject  (or  more  exactly,  not  by  one  distribution  of  brl^tnesses 
In  the  plane  of  the  dbject),  but  an  infinitely  large  number  of  them.  If  the  dbject 
is  periodic  in  structure  (for  example,  a  diffraction  GratimS)  which  is  thinner  than 
the  optical  system  can  resolve  according  to  the  Abbe  elementary  theory,  the  optical 
system,  as  It  were,  "refuses  tb  allow"  the  structure  throu^  the  objective  and  no 
•tter  in  how  much  detail  we  study  the  distribution  of  energy  in  the  image.  Its 
shape  cannot  be  determined  uniquely.  Ihe  French  physicists  call  optical  systems 
of  this  hind  "f litres  passe-bas",  i.e. ,  they  re^rd  them  as  filters  which  allow 
throu^  periodic  etructures,  the  frequency  of  which  is  not  below  a  certain  level. 

Of  late?  there  has  been  a  revival  of  interest  in  a  curious  fact.  As  was 
stated  above,  there  maybe  several  (and  theoretically  an  Infinite  number)  of 
distributions  In  space  of  the  object  for  cne  and  the  same  brightness  distrlbtitlon 
In  the  space  of  the  Image.  But  If  we  have  additional  information  on  the  subject 
from  other  sources  (let  us  suppose,  that  we  Imow  It  Is  a  double  star  frcm  say  a 
spcctrographic  stsAy),  the  <hscurlty  In  BtteB:5>ting  an  image  pattern  is  removed. 

This  makes  It  possible  to  dbtain  further  data,  for  example,  on  the  distance  between 
stars,  the  ratio  of  their  brl^tnessee,  and  so  on.  Thus,  one  piece  of  Information 
gives  rise  to  another. 

Ghe  prdblem  of  the  "amovmt  of  Information"  supplied  by  an  optical  system 
has  recently  come  to  the  attention  of  a  number  of  specialists  in  optics.  It  has 


150 


been  dbserved  -UiAt  l^e  developoent  of  comaunlcatlons  by  neanB  of  vhlch  a  person  A 
let  \i8  call  him  the  sender  -  sends  certain  Infonoation  by  some  means  or  other  ^rse 
code,  telephone,  radio,,  etc.),  requires  an  ansver  to  the  follovlng  questions:  a) 
hov  much  Information  can  be  transmitted  In  a  given  period;  b)  in  vhat  form,  l.e., 
vlih  hov  much  distortion  vlll  the  receiver  B  get  the  information.  A  question  vhlch 
arises  In  Ihls  connection  Is,  hov  valuable  le (information  vhlch  has  to  be  transmitted. 


since, 


^t  Is  of 


little  value,  for  eiample,  birthday  congratulations, /arrives  In  dls* 


torted  form,  no  great  harm  Is  donejAr^f'<  |^£e  receipt  of  the  nevs  Is  not  mexpected. 
Attempts  to  solve  these  problems  sepeurately  In  different  branches  of  engineering 
have  resulted  In  a  nev  trend  In  a  general  direction  vhlch  Is  now  called  the  theory 
of  Infoamatlon,  althou^  It  ou^t  to  be  called  the  theory  of  the  transMi^^/#/^  of 
Information. 

It  has  often  been  pointed  out  that  the  formation  of  Images  by  an  optical 
system  can  also  be  treated  as  a  T/<AMSfvit^/4bf  Information.  Ihe  object  C^or  the  sake 
of  simplicity  we  vlll  coodider  it  to  be  plane)  represents  a  certain  distribution  of 
brlfijitness  over  a  plane.  Ihe  distribution  may  be  regarded  as  a  totality  of  inform¬ 
ation  idhlch  by  means  of  the  optical  system  Is  being  transmitted  to  a  receiver. 


During  the  receq^tlon  and  transmission  of  lunlnous  fluxes  thorn  are  distortions. 
Ihe  reason  for  the  distortions  are:  energy  losses  In  the  li^t,  aberration  of  the 
optical  system;  diffraction/  ihlch  turns  a  point  Into  a  configuration  with  complicated 
energy  distribution;  the  crude  structure  of  the  receiver;  pwasitlc  ll^t  entering 
the  reodver  throu^  secondary  reflection,*  scatter  by  the  framework,  dust  or 
ocratches  on  the  surface  of  the  lens,  extraneous  ll^t  reaching  the  surface  of  the 
receiver,  and  so  on.  All  these  factors )^reditce  the  amount  of  Information  coming  from 
the  object  .  For  example,  if  the  receiver  is  the  retina  of  the 

human  eye,  ^ich  has  900,000  nerve  endings,  the  number  of  signals  received  by  the 
eye  over  moment  of  time  cannot  exceed  900,000,  and  this  can  only  be  the  case 


If  the  Image  of  the  point  prodttced  by  the  optical  system  does  not  exceed  the  size 
of  the  Individual  cell  throu^  aberration  or  diffraction.  But  on  the  object  the 
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zxunfbe;  of  signals  Is  not  restricted,  generally  speaking,  and  the  nunber  of  ihem 
\dilch  1he  object  can  dispatch  cannot  easily  be  calculated. 

As  a  simplification  it  can  be  considered  that  the  object  represents  a 
lattice  or  grid  (two  lattices  at  ri£^t  angles).  In  a  more  gmeral  case  we  can 
represent  Ihe  brl^tness  B  (xy)  of  a  point  on  a  flat  object  in  the  form  of  a 
iourler  series  with  respect  to  two  ‘variables  x  and  y,  or  else  by  other  methods. 

If  It  is  known  how  any  point  on  the  object  is  reproduced  In  the  plane  of  the  Image 

I 

(which  Is  only  feasible  In  very  simple  cases.  In  particular  iihen  the  optical 
system  Is  ideal),  it  Is  possible  at  least  theoretically  to  calculate  the  distribution 
Of  llliminatlons  In  the  plane  of  the  image.  In  practice,  this  problem  Is  solved 
by  'very  laborious  arid  cusbersoae  methods. 

Ihe  distribution  pattern  of  Illumination  in  the  plane  of  the  Image  (Ronchl 
suggested  calling  It  "setherlal"  since  It  cannot  be  observed  In  the  pure  form  under 
any  clrcvnstances)  Is  by  Itself  a  distorted  reproduction  of  the  object  of  a  certain 
scale,  but  It  Is  Just  the  un:.'eal  or  ” ether lal"  nature  of  It  ^Idi  hampers  calculation 

I- 

of  the  number  of  Independent  signals  describing  it,;  furthermore,  the  nuodber  of' 
aLgnals  Is  of  no  practical  Interest  as  long  as  the  receiver  recelvlhg  the  Inmge  is 
ladmown. 

IQiowtng  the  properties  of  the  receiver,  its  structure,  the  sensltl'vlty  of 
Individual  parts  of  It,  the  threshhold  of  sensitivity  to  contrast  of  neighboring 
parts  or  groups,  we  can  determine  the  nunber  of  separate  "signals"  ihlch  are  able 
to  be  recel'ved  and  tranaaltted  by  the  receiver.  Ihe  ratio  of  these  sisals  to  the 
sigtmils  dispatched  by  the  object  may  serve  as  a  measure  for  tiie  distortion  Introduced 
by  the  system  "optical  Instrument  -  receiver". 

However,  the  formation  of  any  Image  cannot  be  covered  entirely  by  any  means 
by  the  theopy^pf  Infaxmstlpn,  since,  apart  from  the  number  of  measurements  and 
depaodaats  on  time,  there  are  fundamental  dirferences  between  this  formation  and 
the  transmission,  say,  of  a  ccmversatlon  by  telephone. 

Ghe  theory  of  information  makes  It  possible  to  consider qptical  Images  from 
ew  angles  which  are  of  definite  interest,  and  because  of  the  analogy  between 
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different  vibratory  proceeBea,  enable  us  to  transpose  the  results  of  one  brandi  of 
engineering  to  emother.  It  Is  true  Ihat  not  all  concepts  pertaining  to  Ihe  theory 
of  infonnation  and  associated  vlth  the  trans  of  Information  can  be  mechanically 
transposed  to  ’the  theory  of  optical  Images .  For  example,  the  function  Introduced  by 
Shannon  under  the  name  of  entropy  and  similar  In  appearance  to  the  entropy  vhlch  In 
themodynaaklcs  Indicates  tiie  direction  In  idilcfa  a  conversion  or  transfer  of  ener^ 
should  move,  meets  vlth  difficulties  If  ve  try  to  transpose  It  to  optics  vbere  the 
aim  of  the  fmctlon  Is  to  give  a  n^Blerlcal  value  to  the  concept  of  "Information 
value". 

Any  concept,  of  course,  can  be  Introduced  Into  optics  vlth  a  certain  degree 
of  conventionality,  but  (benefit  to  be  derived  frcm  this  artificial  transfer  Is 
questionable.  It  should  be  pointed  out  here  that  the  theory  of  Information  has  not 
revealed  or  cannot  reveal  any  uev  possibilities  either  In  Improving  the  quality  of 
Images  or  In  man's  ability  to  derive  greater  advantage  from  the  analysis  of  the 
Image  pattern.  Ihus,  the  theory  cannot  extent  the  frontiers  of  the  "possible"  In 
optics,  but  merely  puts  a  new  language  at  the  dlspoinl  of  the  Investigator. 
Nevertheless,  cases  are  known  In  which  a  new  language  leads  to  new  ideas.  Ihe 
language  of  the  theory  of  Information  has  enabled  tlie  Italian  optics  specialist, 
Toxaldo,  to  derive  a  new  criterion  of  quality  for  photographic  objects . 


CONaUSION 


Despite  the  sketdilneas  of  the  material  contained  in  this  book,  it  can 
nevertheless  be  used  to  drav  general  conclusions  on  'tiie  limitation  of  optical 
systems.  Ibese  limitations  can  be  ascribed  to  two  spheres:  l)  macroscopic  jdienoaena, 
l.e.,  phenomena  produced  by  ll^t  sources  vllh  large  linear  or  angular  dimensions, 
and  2)  microscopic  phenomena  In  vblch  the  ll^^t  sources  are  very  fine  structures 
studied  imder  a  microscope,  or  heavenly  bodies,  the  angular  dimensions  of  idilch 
are  not  greater  than  fractions  of  a  second. 

In  the  first  sphere  the  principal  limitation  on  the  structure  of  llf^t 

rays  Is  the  lav  of  conservation  of  energy,  or  in  the  language  of  the  optical 
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experts,  the  Lagrange-Heaaho^  lav.  Ihis  lav  stands  In  the  vay  of  realization  of 
dreams  of  long-range  combustion mtll  llf^t  sources  thousands  of  times  brl{hter 
than  the  sun  are  developed,  and  removes  all  hope  of  constructing  concentrating 
devices,  Be Ml Mz  strong  throu^  narrow  openings  op^  even  calculatl;ii4 
ultra-rapid  photographic  lenses,  ihlch  Is  also  a  favorite  iubject  for  inexperienced 
inventors.  Furthermore,  everything  that  has  been  said  In  connection  vith  long 
r  ange  combustion  by  means  of  heat  or  visible  rays  Is  true  of  any  rays  whether 
infra-red  or  ultra-violet,  and  generally  speaking,  op  any  type  of  radiant  energy. 

Ihe  Irreversibility  principle  categorically  refutes  the  transforma tlcn  of 
scattered  Into  beamed  ll^t,  vhlch  Is  so  alluring  for  television  deslgiers;  It 
excludes  the  possibility  of  developing  ll£h'^ouse  optical  systems  similar  to  the 
one  described  In  detail  In  Ch.  III. 

Ihe  vibratory  nature  of  luminous  ihenomena  is  beginning  to  mAkf  \  in  the 
microworld  and  the  concept  of  vavelengtha  is  beginning  tb  make  Itself  felt.  The 
comparatively  short  vavelengthS  lying  far  beyond  the  threshhold  of  resolution  of  the, 
human  eye  fortunately  not  Impeded  the  developoent  of  the  simple  and  neat  theory 
of  geometric  optics,  vhlch  has  enabled  us  to  construct  all  the  vonderful  optical 
Instruments  ^ich  science  has  used  to  take  such  giant  strides  forward  in  unraveling 
the  secrets  of  nature.  But  these  instruments  have  enabled  us  to  detect  their 
enemies  -  diffraction  and  interfsence  -  vhlch  are  results  of  the  vibratory  nature  of 


-Qie  propagation  of  ll^t.  It  seaaed  tliat  a  point  could,  never  be  projected  aa  a 
point,  that  all  optical  inatrumenta  produce  diatorted  Ijaagea  of  cSjJecta  being  vieved 
a  nd  Ihat  ve  vould  have  to  learn  to  recognize  the  objects  in  much  the  aame  'way  aa  a 
reconnaiaance  acout  picka  out  carefully  caaouflaged  objectives.  Naturally,  a 
science  of  this  kind  is  not  an  easy  -tiling,  and  many  an  investigator,  astroncner 
or  biolgLst  has  been  led  astray  by  -baking  -too  simple  an  approach  to  -tiie  picture  he 
was  s-budylng. 

Hie  attention  of  -the  readers  has  also  been  drawn  to  the  fact  that  -Qie 
concept  of  resolving  power  is  conditional  and  that  different  -tilings  can  affect  it 
to  different  degrees.  Cer-taln  me-thods  based  on  -tlie  undular  na-ture  of  lic^t  enable 
us  to  Increase  -this  power;  but  no  great  hopes  should  be  placed  on  -these  me-tliods. 
Al-thou^  in  principlib,  it  is  possible  to  produce  an  imge  of  a  point  by  an  optical 
sys-tem  in  different  forms,  using  anpli-tude  fil-ters  with  a  particular  density 
dls-trlbutlon,  in  order  -to  do  so  we  have  to  sacrifice  practically  all  -the  Incident 
luminous  energy  and  lea-ve  a  mere  fraction  of  5t,  Qhat  is  why  tills  approadi  cannot 
be  considered  in  any  -way  promising  and  it  would  be  unwise  for  In-ven-tors  %o  direct 
-their  efforts  towards  it.  Purtherjiiore,  the  great  na theme tical  difficulties 
gimrdlng  the  pa-th  can  -themselves  be  considered  reliable  defense  against  casual 
at-tespts  to  abuse  these  possibilities. 

A  number  of  limi-ta-tlons ,  this  time  of  a  -technical  m-ture  rather  -than  a 
question  of  principle,  are  hy  aberrations  of  optical  systems.  Because  it  is 
impossible  to  eliminate  them  by  simple  me-Uiods  (by  using  a  minimum  nimher  of  lenses, 

mirrors  or  o-ther  parts)  we  cannot  build  optical  sjis-tems  which  ha-ve  a  large  relative 

\ 

aper-bure  and  a  large  angle  of  -vision  at  -the  same  time,  main-taining  a  higi -grade 
image  over  the  whole  field,  Hiat  is  -^hy  we  cannot  construct  short  op-tLcal  systems 
producing  large-size  images  and  satisfying  -tiie  several  conflicting  requirements  a-t 
the?  same  time,  for  ins-tance,  problems  of  size.  This  sphere  of  compu-tation  is  also 
of  interest  to  in-ven-tors  wishing  to  overcome  obs-bacles  which  ha-ve  so  far  been 
Insuimoun-table.  But  it  is  usually  only  tiae  experienced  specialists  who  engage  in 
such  research,  and  ip  luite  a  number  of  pages  are  de-voted  -to  tiiis  mat-ter,  it 
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iB  not  in  order  to  oiscd,!.  K-Afte"  young  inventora  froaltaiiper*  -tije  apetlteo 
of  over -demanding  clients  reluctant  to  face  unvritten,  liiou^  actual  and  inevi  table 
facte . 

We  have  talked  separately,  and  admittedly  rather  briefly,  vlth  certain 
"optical"  s^ terns  and  Instruments  using  x-rays  and  electron  beams.  We  have  left 
aside  "acoustic"  optics  and  radio  optics,  since  on  eiccount  of  the  greet  wavelength, 
the  undular  nature  of  radiation  predominates  over  geometric  radiation,  and  the 
Huygens -Fresnel  principle  translated  into  the  language  of  new  vibrations  is  no 
longer  a  secondary  rider  to  the  laws  of  refraction  and  reflection,  but,  on  the 
contrary,  is  becoming  a  basic  one.  Ihis  is  bringing  about  great  changes  in  the 
deslgi  of  optical  systems  transmitting  and  receiving  acoustic  and  radio  Simula. 

*  * 

* 

Die  author  hopes  that  this  book  will  help  inventors  to  channel  their 
efforts  in  the  ri^t  direction  by  warning  them  of  the  many  dangers  lying  In  wait 
along  the  difficvtlt  path  of  invention,  and  that  it  will  help  them  to  save  time  and 
energy  which  are  sometimes  so  easily  wasted  on  attamp:J»  to  circumvent  the  basic 
laws  of  optics .  Ihe  book  will  also  help  th^  to  recoglie  these  laws  in  the 
complicated  instances  in  ^ich  they  are  happily  disguised  by  second-rate  facts 
which  at  first  si^t  seem  important.  Attention  has  also  been  given  in  the  book  to 
the  latest  views  on  certain  aspects  of  optics,  developed  over  the  last  few  years 
and  not  yet  fully  established.  A  study  of  them  will  make  it  possible  to  \a3derstand 
the  basic  principles  of  optics  more  thorou^ly  and  to  study  the  older  problems  from 
a  new  standpoint. 


APPENDIX 
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FIRST  PROCF  CF  lAGRANGE-HBLMHOLZ  lAW 

- - - , -  ^ 

Because  of  the  great  Importance  of  the  Lagrange-Helmhols  lav,  ve  vlll  give 

A 

the  proof  of  It  here.  We  vlll  first  show  that  if  losses  of  ll^t  during  passage 
throuf^an  optical  s^tem  are  disre^rded,  the  bri^tness  of  the  ben  divided  by  the 
square  of  tiie  refractive  index  is  constant  along  'Qieibole  beam. 


Fig.  68.  Generalization  of  lav  of /ref rection . 

Let  us  consider  the  elemeht  s  of  the  focus  P  (Fig.  68)  separating  two 
media  I  and  II  with  refractive  indices  n  and  n'.  Let  us  assume  that  a  beam  P 
limited  by  the  elements  i  and  s'  impinges  upon  the  surface  S.  A  sphere  with  a 
mdi\s  of  unity  is  drawn  from  bhe  point  0  of  the  elemaat  s.  Let  QA  be  nomal  to  the 
element  s  and  let  PPfF  be  an  element  cut  from  the  surface  of  the  sphere  by  the  beam 
P.  Ihe  boundaries  DE  and  FG  of  this  beam  are  determined  in  the  following  way.  Let 
us  draw  two  planes  OAB  and  CAC  throu^  QA;  these  planes  form  a  very  small  angle  . 
Let  us  consider  two  planes  parall.el  to  each  other  and  to  the  element  s,  and 
perpendicular  to  the  normal  QA.  and  intersecting  t2ie  latter  at  points  E  and  H  . 

Let  us  calculate  the  fl\ac  passing  throu^  ihe  li^t  ray  bounded  by  the 
elements  s  and  s'.  To  do  tills  let  us  first  determine  the  area  of  ihe  element  DEGE, 

which  on  account  of  very  small  size  can  be  re^^rded  as  a  rectangle;  its  area  is 

t 

therefore  equal  to  DEi»EG.  Let  us  use  i  w  desigaate  the  angle  formed  by  ihe  rays 
OD  and  OE  and  the  normal,  and  i  ♦  di  to  deslgaate  the  angle  formed  by  the  rays 


OF  and  OG.  Since  the  radius  of  -ttie  sphere  Is  unity,  ve  iway  assume  that  EG  =  DP  «  di. 
Die  side  IE  as  part  of  tiie  circumference  vlth  a  radius  HD,  is  equal  to  HD  hut 

HD  —  OD  •  sin  ^  =  sin  i, 

DE  =  ^iini. 

Die  Bide  FD  =  OD  •  dl  =  di.  Die  area  DEGF  is  equal  to  C^dl  sin  i.  The 
element  DE®’  is  normal  to  the  rays  of  tiie  beam  P,  and  its  area  divided  by  the  aquare 
of  the  radius,  l.e.,  by  unity,  is  equal  to  iiie  solid  angle  oa  determining  Uie  an^e 
of  radiation  of  the  element  s.  Die  equations  in  Sec.  5  of  Ch.  I  easily  give  us 
the  following  express ion  for  the  flux 

®  =  Bscos9-«, 

idiere  O'  Ib  the  angle  betsween  the  normal  to  the  element  s  and  -the  axis  of  the  beam, 
and  la  equal  to  1.  Dien 

<t>  =  Bscoii‘  ia~Bs  ■  costsinldh^- 

After  refraction  on  the  element  s  of  the  interface  S,  the  beam  Intersects 
the  sphere  with,  radius  equal  to  imlty  a  second  time.  Let  us  use  B'  to  deslgiate 
the  bri^tness  of  the  refracted  beam.  The  flux  of  this  beam  can  be  calculated 
exactly  in  the  same  way  as  for  the  incident  ray,  to  wit, 

^  =  B' s  cos  I' tin  t'-Ydi', 

ihere  B',  i*,  dl'  and  ^^deslgnate  the  quantities  coniesponding  to  E,  1,  di  and 
in  medium  I.  Die  quantity  'jj  is  equal  to  (jl  ,  since,  according  to  the  first  law  of 
Descartes,  the  incident  ray  when  refracted  and  normal  to  the  element  s  of  the 
refracting  surface  are  in  one  plane;  the  rays  OD  and  OF  lie  in  the  plane  PS  and 
remain  in  it  after  refraction;  the  rays  OE  and  OG  are  in  the  plane  AC  before  and 
after  refraction. 

Now  let  us  apply  the  law  of  refraction  of  li^t 

nsini  =  »'8in<^ 


Let  us  square  it 


/»*8in*/  =  a'*8in*r. 


Differentiating  the  relationship,  we  get 

2«’  cos  i  sin  idi  =  2«'*  cos  i'  sin  di'. 
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(l8) 


We  should  point  out  "that  If  ve  dlsre^rd  losses,  the  refractive  stream  Is 
equal  to  the  incident  dtream,  and  therefore  ^  ,  or  dividing /both  streams  by 
ihe  ccnmon  quantities  -  the  area  s  and  the  angle  l|)  -  ve  get 

Dividing  by  Bq.  (l8)  we  pet 

B  _  B' 

"*  ‘  (19) 

Ihls  lav  can  be  applied  to  any  refracting  surface;  hence  it  canbe  said  that 
all  the  way  along  the  beam  cf  ll^t  the  ratio  of  the  bri^teess  B  to  the  square  of 
the  refractive  Index  is  constant  and  equal  to  the  bri^tness  B  cf  the  beam  in  air. 

If  the  variation  in  the  refractive  index  occurs  smoothly  and  not  by  Jtonps, 
the  proven  relationship  is  still  valid,  since  a  continuous  variation  is  tantamount 
to  a  large  nunber  of  very  small  Jumps  in  the  index. 

Nov  let  UB  assvme  that  a  square  area  0  (Fig.  69)[,  the  length  of  the  sides 
of  ihlch  is  1,  is  projected  by  an  optical  system  in  the  form  of  the  area  1'  .  Let 
us  also  assme  that  the  area  obeys  the  laehert  lav,  that  the  entrance  pupil  pp 
is  circular  with  its  center  at  the  axis,  and  that  its  radius  can  be  seen  from  the 
area  0  at  an  angle  u.  The  solid  angle  Co  which  restricts  the  beam  radiated  by  the 
area  0  is  equal  to  7^  sin  u.  The  flux  ^passing  thrcnijh  the  c^tical  system  is 

ihere  B  is  the  brightness  of  the  area  0.  After  refraction  through  the  system  the 
flux  maybe  written  down  in  the  form 


so  that 


fi/*  sin* »  =  B'l'*  sin*  u\ 


Dividing  Eq,  (20)  by  (19)  ve  get 


or 


n*P  sin*  u  —  sin*  a' 
nl  sin  a  =  n'l'  sin  u'. 


(20 


This  is  indeed  the  Lagrange-Helmholz  lav. 

A 
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(21) 


I 

Fig,  69,  Proof  of  the  Lagrange-HeMiolz  lav. 

On  account  of  'ttie  fundamental  Importance  of  the  La  grange -He  lmhol](^  lav,  ve 
vill  prove  it  in  another  vay  on  llie  haala  of  ccmpletily  different  (undular) 
principles. 

Second  Proof  of  lagrenge-HelMholii  Lay 

A 

This  proof  follows  from  Hie  vell-knovn  Fermat  prlntdple.  Ihe  optical  path 
betveen  two  points  A  and  A*  Cfig*  70)  located  in  different  media  vith  refractive 
indices  n,  n  and  n^,  respectively,  is  determined  by  the  equation 

.e  Fermat  principle  implies  that  the  optical  paths  for  the  two  rays 
ABCk'  and  AB  C  A*  emerging  from  the  point  A  and  converging  at  point  A*  are  equal, 
mis  follovs,  incldently  ,  from  the  Huygens  vaye  theory  as  veil. 


Fig,  70.  Fonnulation  of  Femat  principle. 

Let  us  now  go  on  to  prove  the  Lagrange-Helnhoi^  lav.  Let  0  be  a  point, 
he  image  O'  of  which  is  stigmatic,  i.e.,  all  the  rays  preceding  from  point  0  ^ 
intersect  at  point  O'  (Fig,  71).  I«t  us  see  under  which  conditions  point  0 
infinitely  close  to  point  0  in  the  direction  perpendicular  to  the  aucls  is  represented 
stignatically  at  point  O',  Let  us  draw  the  ray  AOB  throu^  0  so  that  it  forms  angle 
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u  vltii  the  axis.  After  refracflori  "the  ray  proceede  in  -the  direction  B'O'A'  and  forms 
an  angle  u'  vlth  the  axis.  I^t  us  dxav  'the  ray  AO^C  -through  point  0  ^  so  ‘tiiat  It 
f  orms  hui  angle  u  +  du  ni'th  -the  axis,  hardly  different  from  u,  Dils  ray  after 
refraction  moves  In  the  direction  C*0'A',  forming  vi-th  the  eixls  the  angle  u'  +  du’, 
hardly  different  from  u’/  According  to  the  Fermat  -theorem,  the  optical  pa-bhs  are 


Fig.  71  Proof  of  the  Lagrange- Helmholtz  law. 
equal  -to  each  other,  from  vhlch  ve  get 

or 

ttAO^ + (OjOJ)  -f  =r  nAO  (00') + n'O'/l', 

from;3!hich ,«  W-i!O)-|-[(O,O;)-(OO')J+n'((5'M'_(y^/)«0. 

(22) 

Ihking  i>olnt  A  as  -the  cen-ter,  let  us  describe  a  circumference  vl-th  radius  AO  inter¬ 
secting  -the  ray  AC  at  point  H.  On  account  of  -the  smallness  of  the  angle  du,  we 
can  replace  -the  arc  of  circumference  by  -the  line  OK.  We  -then  get  from  -the  triangle 

//O,  =  00,  sin  a  = /sins, 


or 


AOi  —  A0  =  HOi  —  I  sin  a. 
Similarly,  we  get  for  O'  and  O' 

i4'0'— .4'0;  =  /'sinB'. 


Substi-fcuting  into  Eq.(22)  we  get 

n'/'  sin  »' — nl  sin  a  =  (O;,©!)  —  (00')* 
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Since  0|  Is  liie  Image  (sf  0,  and  0'^  is  tiie  Image  of  0^,  the  optical  pa-Qxs  (00')  and 

(0|0.'^)  need  not  be  functions  of  u.  In  the  partial  case,  In  idildi  u  0,  the  angle 

u'  0  and  the  left>hand  side  of  the  equation  Is  equal  to  sero,  uhlle  the  rlf^t- 

hand  side,  idilch  Is  constant,  should  also  be  equal  to  sero.  This  gives  ue  the 

t 

Lagrange-Helithols  lav  '< 

ffT8ina'  =  a/8in  u. 
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